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FOREWORD 


This  report  is  a  slightly  revised  version  of  the  thesis  submitted  in  partial 
fulfillment  of  the  requirements  for  the  Master  of  Science  in  Engineering  degree 
at  the  University  of  Washington  in  August  1994.  Dr.  Harry  H.  Yeh,  Professor 
of  Civil  Engineering,  was  the  chairperson  of  the  supervisory  committee. 


ABSTRACT 


Infrared  field  measurements  of  ocean  skin  temperature  made  aboard  the 
R/P  FLIP  in  January  of  1992  approximately  400  nautical  miles  off  the  coast 
of  San  Diego  are  presented.  An  extensive  literature  review  accompanies 
these  measiarements  probing  the  fundamentals  of  air-sea  interaction, 
electromagnetics,  and  free-surface  flows.  A  thin  layer  at  the  air-sea  interface, 
known  as  the  ocean  skin  layer,  transfers  heat  by  molecular  conduction.  The 
skin  layer  is  on  the  order  of  a  millimeter  and  typically  0.1  to  0.5  °C  cooler  than 
the  water  just  below  for  conditions  of  net  heat  flvix  from  the  ocean  to  the 
atmosphere.  Two  surface-pierdng  cables  hanging  from  FLIP'S  port  boom, 
each  1  cm  in  diameter,  provided  a  disturbance  of  the  skin  layer  mixing  the 
warmer  water  from  below  up  to  the  surface.  Emplo5dng  an  infrared  imager,  we 
detected  the  temperature  variations,  tracked  the  signatures  and  quantified  the 
spatial  and  thermal  changes  in  time  of  these  artificial  disturbances,  which 
were  on  the  order  of  a  meter.  This  unique  method  of  visuaHzing  turbiolence  at 
an  air- water  interface  provides  a  direct  measurement  of  the  bulk-skin 
temperature  difference,  AT.  The  recovery  rate  of  the  skin  layer  was  found  to 
be  directly  related  to  the  level,  or  strength,  of  the  disruption  under  low  wind 
speed  conditions  2  m/s).  At  moderate  wind  speeds  (=  7  m/s),  both  the 
natural  (breaking  waves)  and  artificial  (wakes)  disturbances  recovered  within 
2  s  compared  to  an  extrapolated  recovery  time  of  up  to  =  120  s  under  low  wind 
speeds  for  the  wake  signatmes.  The  difference  is  primarily  a  fimction  of  the 
net  heat  flux  amd  sublayer  thickness,  which  relate  directly  to  the  existing 
environmental  conditions  (e.g.,  turbulence  intensity,  sea  state,  wind  speed). 
Previous  reports  of  =  10  to  12  s  skin  layer  recovery  times  emphasize  the 
significance  of  our  results.  Signatures  of  cool  wakes  and  a  transitioned 
sequence  from  warm  to  cool  wakes  over  the  course  of  15  minutes  highlighted 
the  small-scale  spatial  variability  and  non-uniform  temperature  profile. 
Narrow  field-of-view  radiometers  were  used  to  compute  cahbrated  and 
reflection  corrected  time  series  of  AT  (referenced  to  10  cm  depth)  over  a  4  day 
period.  A  comparison  of  the  existing  AT  models  is  presented  using  measured 
values  of  the  net  heat  flux,  wind  speed,  and  AT.  For  the  present  dataset, 
longwave  radiation  dominated  the  regulation  of  net  heat  flvix  at  night  while  the 
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solar  insolation  dominated  during  the  day.  The  AT  models  did  not  adequately 
predict  the  phenomenon  of  the  daytime  heat  flux  and  skin  layer  development 
imder  low  wind  conditions.  Notwithstanding,  the  models  agree  well  with  the 
measured  AT  at  night  imder  high  wind  speeds. 
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5.9  Arrangement  of  the  environmental  conditions  for  Case  1.  All 
directions  are  in  degrees  Tme.  Drift  course  is  determined  from 
the  GPS  data  retrieved  every  20  minutes . 136 


5.10  Time  series  of  infrared  images  depicting  the  ordered  wakes 

emanating  from  the  surface-piercing  cables  imder  low  wind 
conditions  when  the  swell  waves  propagate  in  the  direction  of 
the  ctirrent.  The  long  slender  wakes  develop  by  the 
superposition  of  the  crest  of  the  swell  and  the  current 
velocities.  The  patches  form  when  the  velocity  in  the  trough 
coimteracts  the  current.  The  cable  diameter  is  1  cm  while  the 


patches  are  on  the  order  of  1  m . 138 

5.11  Arrangement  of  the  environmental  conditions  for  Case  2.  All 
directions  are  in  degrees  True.  Drift  course  is  determined  from 

the  GPS  data  retrieved  every  20  minutes . 140 

5.12  Time  series  of  infrared  images  depicting  the  serpentine  wakes 

emanating  from  the  cables  when  the  waves  and  current  are 
notahgned . 141 


5.13  Time  series  of  infrared  images  following  one  particular 
turbulent  patch.  The  image  size  is  roughly  1.5  m  x  1.5  m. 

When  the  temperature  within  the  patch  reaches  a  maximrun, 
the  patch  continues  to  grow  in  size.  Upon  maximum  spatial 
growth,  the  wake  recovers  substantially  as  it  propagates  off 

the  image  after  roughly  41  seconds . 142 

5.14  Cross-sectional  profiles  of  temperatme  from  the  same  wake  in 
Figure  5.13  at  different  stages  of  development.  The 
characteristic  wake  dimension,  h,  approximates  the  size  of  the 
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patch  while  T^ax  -  Tamb  measures  the  AT^jj.  While  the 
temperature  within  the  patch  begins  to  diminish,  the  patch 
continues  to  enlarge  spatially . 144 

5. 15  Time  evolution  of  patch  diameter,  h,  for  3  different  wave 

Reynolds  numbers,  Rew,  for  the  individual  wave  producing  the 
patch.  Waves  with  larger  Re^  produce  larger  wakes  that 
reach  maximum  size  later  in  time,  resulting  in  longer  skin 
layer  recovery  times.  Skin  layer  disruptions  lasting  up  to  60  s 
were  measiued,  after  which  time  they  traveled  out  of  ^e  field- 
of-view.  Extrapolation  of  the  ciirve  for  the  largest  Re^ 
observed  results  in  a  skin  layer  recovery  time  of 
approximately  120  s . 147 

5.16  Time  evolution  of  characteristic  wake  dimension,  b,  for  the  15 

individual  patches  produced  by  the  swell.  The  patch-Hke 
wakes  range  significantly  in  maximum  dimension  between  0.5 
and  1.7  m.  None  of  the  ^sturbances  have  recovered 
completely  before  drifting  out  of  the  field-of-view.  Two  of  the 
patches  exist  in  the  field-of-view  for  up  to  80  s,  though  not 
explicitly  shown  here . 15 1 

5.17  The  normalized  maximiun  characteristic  wake  dimension, 
bm  ID,  as  a  function  of  Re^  emphasizes  the  stark  contrast 
between  the  turbulent  patch  size  and  the  surface-piercing 
cable  diameter  of  1  cm.  The  paraboHc  correlation  between  bm 
and  Rew  suggests  the  deep-water  nature  of  wavelength 

(Lq  ~  Tq  )  dictated  the  strength  of  the  disruptive  process. 

Longer  swell  waves  produced  a  longer  initial  disruption . 152 

5. 18  Scahng  analysis  of  the  the  15  individual  patches  produced  by 

the  swell.  Both  tjT^  and  ba^fo^lv  separate  out  into  three 
distinct  regions  according  to  the  Rey^.  The  regions  follow  fi*om 
bottom  to  top  as  low,  mid,  and  high  range  Rew . 154 

5.19a  Time  series  of  maximum  temperature  difference  between  the 
patch  and  the  imdisturbed  stirface  for  the  identical  3  patches 
produced  by  the  swell  in  Figure  5.15.  While  the  patches 
rapidly  reach  a  peak  AT^  regardless  of  Rew,  the  rate  of 
recovery  of  the  skin  layer  is  a  fimction  of  Ren;.  The  slope  of  the 
line  fitted  fi-om  the  maximum  ATw  is  taken  as  the  skin  layer 
recovery  rate . 156 

5. 19b  Time  evolution  of  maximum  temperature  difference  between 
the  patch  and  the  undisturbed  surface  for  the  15  patches 
produced  by  the  swell.  While  all  patches  rapidly  reach  a  peak 
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ATu,,  the  rate  of  recovery  of  the  skin  layer  is  a  function  oiReu,. 

The  slope  of  the  Hne  fitted  from  the  maximum  AT^j  is  taken  as 
the  skin  layer  recovery  rate . 157 

5.20  The  time  at  which  the  maxima  occurred  for  both  ATu)  and  h  as 

a  ftmction  of  Rbuj.  The  time  of  the  maximum  ATu)  remained 
relatively  constant  irrespective  ofi^e^,.  However,  bm  occurred 
later  and  later  as  Reyu  increased  which  suggests  the  continued 
spreading  of  the  disruption . 158 

5.21  Skin  layer  recovery  rate,  d{AT^)fdt,  for  15  individual  patches 
versus  wave  Reynolds  number,  Rew  For  small  Rew,  the 
d{ATy^)jdt  decreases  rapidly  with  increasing  jRcu;.  The 

apparently  small  and  constant  d[ATj^)ldt  at  hi^Rew 

indicates  that  in  these  cases  the  surface  disruption  dominates 
over  the  skin  layer  recovery.  Since  the  net  heat  fliox  was 
constant,  these  results  show  that  the  strength  of  the  surface 
disruption  played  a  strong  role  in  determining  the  skin  layer 


recovery  rate . 159 

5.22  Patch  width  recovery  rate,  dbldt,  for  15  individual  patches 
versus  wave  Reynolds  number,  Rew  Contrary  to  the  skin 
layer  recovery  rate,  ^b/^t  gradually  decreases  with  increasing 
Reu, . 160 


5.23  Snapshots  of  wispy  wakes  emanating  from  the  surface¬ 
piercing  cables.  The  dark  vertical  bands  in  the  upper  left 
comer  are  the  cables  while  the  faint  white  signatures  at  the 
bottom  of  the  cables  signify  the  wispy  wakes.  The  wispy 

wakes  last  for  less  than  a  second . 163 

5.24  Puffy  patchiness  signifying  the  possibility  of  free  convection 
imder  very  low  wind  speed  conditions  (~  0.7  m/s).  Note  the 
wire  wakes  continue  to  emanate  from  the  cables. 

Environmental  conditions  shown  in  Table  5.3  under  Case  4 . 166 


5.25a  Late  afternoon  cahbration  nm  for  the  PRT-5  on  January  26, 

1992 . 170 

5.25b  Late  afternoon  calibration  run  for  the  PRT-5  on  January  29, 

1992 . 171 

5.26a  Time  series  for  January  25, 1992  of  the  corrected  and 

calibrated  IR  SST,  Tssu  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky  temperatme,  Tsky 
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Time  series  of  thermistor  measurements  at  depth  and  ATs 
are  included . 


173 


5.26b  Time  series  for  January  26,  1992  of  the  corrected  and 
calibrated  IR  SST,  Tsst,  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky  temperature,  Tgky 
Time  series  of  thermistor  measurements  at  depth  and  ATs 
are  included.  Large  gap  in  the  data  of  6  hoims  corresponds  to 
the  time  spent  performing  caUbration  rrms  and  general 
maintenance . 174 

5.26c  Time  series  for  January  27, 1992  of  the  corrected  and 
calibrated  IR  SST,  Tgst,  along  with  the  raw  PRT-5 
measurement,  Tm,  and  the  radiometric  sky  temperatme,  Tsky 
Time  series  of  thermistor  measurements  at  depth  and  AT s 
are  included . 175 

5.26d  Time  series  for  January  28, 1992  of  the  corrected  and 
calibrated  IR  SST,  Tgsu  along  with  the  raw  PRT-5 
measmement,  Tjr,  and  the  radiometric  sky  temperature,  Tgky 
Time  series  of  thermistor  measurements  at  depth  and  AT s 
are  included . 176 

5.27  Nighttime  sequence  of  the  infrared  signature  of  a  breaking 
wave.  The  images  show  the  apparent  temperature  change 
associated  with  the  actively  breaking  crest  and  the  turbident 
wake.  Environmental  conditions  shown  in  Table  5.3  imder 

Case  3 . 179 

5.28  Nighttime  sequence  of  infrared  images  depicting  the  FLIP 
crossing  an  apparent  temperature  front.  The  broad  dark  band 
across  the  image  is  a  support  cable  for  the  instrument  boom. 

The  dark  outline  of  the  front  possibly  might  be  the  aggregation 
of  siirfactant  material  and  foam  causing  a  change  in  the 
electromagnetic  properties  of  the  viewing  area. 

Environmental  conditions  shown  in  Table  5.3  under  Case  4 . 181 

5.29  Midday  sequence  of  infr£U"ed  images  depicting  the  FLIP 
crossing  an  apparent  temperature  front.  The  broad  white 
band  across  the  image  is  a  support  cable  for  the  instrument 
boom.  Environmental  conditions  shown  in  Table  5.4  under 

Case  5 . 183 

5.30  Cool  wakes  emanating  from  the  suirface-piercing  cables  dining 
Case  5  shown  in  Table  5.4.  The  images  are  spaced  roughly  10 
to  20  seconds  apart  just  prior  to  12:05  PST.  The  broad  white 
band  across  the  image  is  a  support  cable  for  the  instnunent 
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boom.  The  white  lines  in  the  upper  left-hand  comer  are  the 
cables . 
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5.31a  Warm  wakes  emanating  from  the  surface-piercing  cables 
during  the  late  morning  transition  as  discussed  in  Case  6  of 
Table  5.4.  FLIP  begins  to  turn  as  suggested  by  the  change  in 
direction  of  the  wakes.  Simultaneously,  the  dark  outline  of  the 
front  appears . 186 

5.31b  FLIP  continues  to  turn,  crossing  an  apparent  temperature 
front.  The  wires  appear  brighter  suggesting  the  previously 
cloudy  sky  is  now  clear  and  the  sim  is  allowed  to  heat  the  wires 
and  ocean.  Initially  the  surface  temperature  appears  cooler 
corresponding  to  the  change  from  cloudy  to  clear  sky. 

However,  the  smface  warms  up  quickly.  The  final  two  images 
depict  the  cool  wakes,  thus  completing  the  transition . 188 

5.32  Blown-up  time  series  of  the  third  plot  in  Figure  5.26d  depicting 

the  efiect  of  solar  heating  as  midday  approached  during  Case 
6.  The  time  series  shows  the  bulk  temperature 
measiu'ements  at  constant  depths  along  with  Tgst . 189 

5.33  Spectrally  integrated  emissivity,  £si,  plotted  from  Equation 

(5.8)  as  a  fimction  of  temperature  for  the  t5q)ical  range 
experienced  on  the  ocean  and  used  in  the  calculation  of  the 
infrared  heat  flijxes . 191 

5.34a  Flux  densities  for  January  25,  1992.  The  top  plot  shows  the 
latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot  shows  the 
solar,  Qs,  and  net  longwave,  Qg  +  Qm,  fluxes.  Finally,  the 
bottom  plot  shows  the  total  net  heat  flux,  Qmu  as  a  fimction  of 
depth . 193 

5.34b  Flux  densities  for  January  26, 1992.  The  top  plot  shows  the 
latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot  shows  the 
solar,  Qs,  and  net  longwave,  Qg  +  Qm,  fluxes.  Finally,  the 
bottom  plot  shows  the  total  net  heat  flux,  Qnet,  as  a  fimction  of 
depth . 194 

5.34c  Flux  densities  for  January  27,  1992.  The  top  plot  shows  the 
latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot  shows  the 
solar,  Qs,  and  net  longwave,  Qg  +  Qm,  fluxes.  Finally,  the 
bottom  plot  shows  the  total  net  heat  flux,  Qnet,  as  a  function  of 
depth . 195 

5.34d  Flux  densities  for  January  28, 1992.  The  top  plot  shows  the 
latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot  shows  the 
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solar,  Qs,  and  net  longwave,  Qq  +  Qm,  fluxes.  Finally,  the 
bottom  plot  shows  the  total  net  heat  flux,  Qnet,  as  a  function  of 
depth . 196 
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A  -  Dimensionless  arbitrary  constant 

a  -  Absorptivity 

a  -  Thermal  diffusivity 

Cc  -  Absorption  coefficient 

Oo  -  Wave  ampbtude 

As  -  Surface  area 

Os  -  Oceanic  albedo 

B  -  Dimensionless  arbitrary  constant 

B  -  Bowen  ratio 

b  -  Characteristic  wake  dimension 

P  -  Dimensionless  constant 

b(  -  Width  of  the  laminar  wake 

bm  -  Maximum  characteristic  wake  dimension 
bt  •  Width  of  the  turbulent  wake 
c  -  Speed  of  light  in  free  space 
Cj  -  Coefficient  for  Hasse's  model  (Chapter  5) 

Cl  -  Experimental  value  for  Cj  =  2jtc^h  (Chapter  3) 
C2  -  Coefficient  for  Hasse's  model  (Chapter  5) 

C2  -  Experimental  value  for  C2  =  (Chapter  3) 

Cd  -  Resistance  or  drag  coefficient 

Cdc  -  Coefficient  of  drag  for  the  cylinder 

Ce  -  Transfer  coefficient 

Ch  -  Transfer  coefficient 

Cl  -  Lift  coefficient 

Cm  -  Coefficient  of  inertia  for  the  cylinder 

Cp  -  Phase  velocity 

Cpa  -  Specific  heat  of  air 

CpRT-5  -  PRT-5  calibration  constant 

Cpw  -  Isobaric  specific  heat  of  water 

Cte  -  Coefficient  of  thermal  expansion 

D  -  Diameter  of  cable,  wire,  or  cylinder 
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d  -  Boiindary  layer  thickness 

d  -  Depth  of  water 

deo  -  E-folding,  or  effective  optical,  depth 

5k  -  Thermal  molecular  conduction  layer 

5v  -  Viscous  shear  sublayer 

5va  -  Viscous  sublayer  accoimting  for  surface  tension 

E  -  Energy  associated  with  electromagnetic  radiation 

e  -  Emissivity 

£dw  ■  Emissivity  ofwater  from  Downing  and  Williams  (1975) 

-  Energy  flux  per  unit  mass 

Eo  -  Permittivity  constant 

Esi  -  Spectrally  integrated 

Ej^  -  Emissivity  of  water  averaged  over  the  local  incidence  angles 
(p  -  Flux  or  the  time  rate  of  electromagnetic  energy 
f  -  Fimctional  variable 

f  -  Optimized  constant  for  Schluessel  et  al.'s  model 

Fd  -  Drag  force 

Fj  -  Inertial  force 

d>o  -  Scalar  potential 

Fq  -  Vortex  shedding  frequency 

Ft  -  Total  force 

G  -  Arbitrary  onstant 

g  -  Acceleration  due  to  gravity 

7  -  Experimentally  determined  heat  transfer  coefficient 

h  -  Planck's  constant 

77  -  Similarity  variable 

Ho  -  Wave  height 

77o  -  Surface  elevation 

I  -  Incident  flux  density  (irradiance  or  incidence) 

i  -  Index 

Il-w  -  Longwave  irradiance  measured  from  the  pyrgeometer 
Iso  -  Solar  radiation  present  at  the  top  of  the  atmosphere 
Isw  -  Shortwave  irradiance  measured  by  the  pyranometer 
j  -  Optimized  constant  for  Schluessel  et  al.'s  model 
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-  von  Kerman  constant 

-  Thermal  conductivity 

-  Boltzmann's  constant 

-  Wavenumber 

-  Diffusion  length 

-  Wavelength  of  electromagnetic  radiation 

-  Mixing  length 

-  Latent  heat  of  vaporization 

-  Kolmogorov  length  scale 

-  Monin-Obukhov  length 

-  Wavelength 

-  Experimentally  determined  proportionaHty  constant 

-  Intermediate  length  scale 

-  Exitent  flux  density  (exitance  or  emittance) 

-  Number  of  standard  atmospheric  masses 

-  Spectral  exitance  or  emittance 

-  Observed  exitance 

-  Background  radiation  reflected  into  sensor 

-  Complex  index  of  refraction 

-  Experimental  exponent  (2.20)  and  Quantum  number  (3.3) 

-  Kinematic  viscosity 

-  Real  part  of  index  of  refraction 

-  Eddy,  virtual,  or  apparent  viscosity  (Chapter  4) 

-  Frequency  of  electromagnetic  radiation  (Chapter  3) 

-  Imaginary  part  of  AT  (extinction  coefficient  or  absorption  index) 

-  Nusselt  number 

-  Pressure 

-  Exponent 

-  Pi 

-  Pressure  outside  the  turbrdent  wake 

-  Prandtl  number 

-  Exponent 

-  Incidence,  or  zenith,  angle 

-  Actual  specific  humidity 
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Qe  -  Latent  (evaporative)  heat  flux 

Qg  -  Downwelling  infrared  heat  flux  from  the  clouds  and  sl^ 

Qh  -  Sensible  heat  flux 

Qjr  -  Infrared  radiation  emitted  by  the  water  surface 

Qjn  -  Momentum  thickness 

Qnet  -  Net  heat  flux 

Qs  -  Solar  insolation 

Qs  -  Sattirated  specifid  humidity 

R  -  Flux  density  per  sohd  angle  (radiance,  sterance,  or  brightness) 

p  -  Density 

r  -  Reflectivity 

Ra  -  Rayleigh  number 

Pa  -  Density  of  air 

p'w'  -  Vertical  flux  of  density 

Rb  -  Radiance  of  a  blackbody  with  the  same  temperature  as  the  ocean 

Td  -  Radial  distance 

Re  -  Reynolds  number 

Re^  -  Mixing  length  Reynolds  number 

Re^^  -  Kolmogorov  length  Reynolds  number 

Rep  -  Intermediate  length  Re5molds  number 

Reo  -  Reynolds  nxunber  according  to  Mo 

Reyj  -  Wave  Reynolds  number  according  to  Oo,  cOq,  and  ko 

Rhsky  -  Radiance  of  the  sky  at  the  horizon  only 

Ri  -  Richardson  number 

Rsea  -  Radiance  of  a  calm  sea 

Rsky  -  Radiance  of  a  cloudless  sky 

Pia  -  Density  of  water 

<T  -  Surface  tension 

Cb  -  Stefan-Boltzmann  constant 

Or  -  Surface  roughness 

St  -  Strouhal  number 

(Tx  -  Standard  deviation  of  the  Gaussian  temperature  distribution 
T  -  Temperature 

T  -  Shear  stress 
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t  -  Time 

t*  -  Nondimensional  timestep 

Ta  -  Biilk  temperature  of  air 

Tfl  -  Atmospheric  shear  or  wind  stress 

Tamb  -  Undisturbed  skin  layer  temperature 

Tfo  -  Bulk  water  temperature 

Teal  -  Thermistor  measured  temperature  in  the  calibration  bath 

Te  -  Transmissivity 

Tes  -  Transmittance  of  the  atmosphere 

Tjr  -  Temperature  output  from  the  PRT-5 

Tir-c  -  Corrected  PRT-5  value 

4  -  Kolmogorov  time  scale 

Tmax  -  Maximiom  temperature  within  the  wake 

Tq  -  Wave  period  {one  instance  as  Brightness  temperatme  in  (3.32)} 
Tr  -  Effective  backgroxmd  temperatiire 

Tr  -  Reynolds  stress  tensor 

Ts  -  Water  surface  temperature 

Tsky  -  Measure  of  the  sky  temperature  from  the  upward-looking  KT- 19 
T.  -  Maximum  of  temperature  wave 

^max  ^ 

-  Minimum  of  temperatime  wave 

Tsst  -  Actual  sea  surface  temperature  measured  by  radiometer 
Tu,  -  Smface  shear  stress  in  the  water 

'^wv  -  Wave  supporting  stress 

U  -  Flow  speed 

u  -  X-direction  velocity 

u  -  Velocity  field  (iZ  = 

u'  -  Xcomponent  fluctuating  turbulent  velocity 

Ujo  -  Wind  speed  measured  at  10  m  height  above  the  sea  surface 

-  Atmospheric  friction  velocity 

-  Friction  velocity  in  the  water 

u'*  -  Characteristic  velocity  for  the  mixing  length  scale 

u'k  -  Kolmogorov  scale  velocity 

u'*  -  Intermediate  scale  velocity 

-  Stokes'  drift  (time-averaged  lagrangian  velocity) 
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Uo 

^sc 

Uu, 

V 

V' 

Q 

w 

w' 

Wo 

w 

COo 

X 

I 


y 

¥ 

yp 

z 

c 

2^0 

Mo 

AT 

^'^fg 

AThd 

ATs 

Afs 

ATsc 

AT^ 


-  Horizontal  orbital  velocity 

-  Average  horizontal  surface  motion  predicted  from  scanner 

-  Wake  velocity 

-  Y-direction  velocity 

-  Y-component  fluctuating  turbulent  velocity 

-  Solid  Angle 

-  Z-direction  velocity 

-  Z-component  fluctuating  turbulent  velocity 

-  Vertical  orbital  velocity 

-  Vorticity field (cb  =  W xu) 

-  Wave  frequency 

-  Space  coordinate 

-  Transverse  component  of  vorticity  (X-component) 

-  Mean  of  the  Gaussian  temperature  distribution 

-  Pixel  position 

-  Space  coordinate 

-  Stream  fimction  used  as  similarity  variable 

-  Pixel  position 

-  Space  coordinate 

-  Z-component  of  vorticity 

-  Roughness  length 

-  Dynamic  viscosity 

-  Permeabihty  constant 

-  Bulk-skin  temperatme  difference  ( AT  =  Tj,  -  Tg) 

-  AT  for  Fedorov  and  Ginsburg's  model 

-  for  Basse's  model 

-  AT  for  Saimders'  model 

-  Amplitude  of  temperature  wave  ( AT^  =  T^^^  -  Tg^.^ ) 

-  AT  for  Schluessel  et  al.'s  model 

-  Temperature  difference  across  the  wake  {AT^,  = 
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CHAPTER  1 


Introduction 


One  of  the  most  significant  oceanographic  applications  of  satellite 
remote  sensing  is  the  mapping  of  sea  surface  temperature  using  infrared 
radiometry.  Sea  surface  temperature  plays  an  important  role  in  regulating 
the  fluxes  of  gas,  heat,  and  momentiun  at  the  air-sea  interface,  which  all 
drive  global  climate  changes  and  weather  patterns.  Following  the  diurnal 
cycle  of  the  sim,  the  ocean  typically  heats  up  during  the  day  and  cools  off 
during  the  night.  The  flux  of  heat  associated  with  the  diurnal  cycle  will 
establish  a  temperature  gradient  near  the  ocean  surface  according  to  the 
laws  of  conduction.  The  direction  and  magnitude  of  the  heat  flux 
determine  whether  the  sea  surface  is  cooler  or  warmer  than  the  xmderl5dng 
hnlk  water.  Therefore,  sea  surface  temperatme  provides  a  direct  link  to  the 
net  heat  flux  across  the  air-sea  interface. 

On  the  open  ocean,  the  siuface  is  typically  a  few  tenths  of  a  degree 
Celsius  cooler  than  the  \mderlying  bulk  water  a  few  millimeters  or 
centimeters  below.  This  phenomenon  develops  as  a  result  of  a  net  upward 
heat  flux.  Assuming  vertical  motions  are  suppressed  at  the  free-s\arface, 
the  heat  flux  must  be  transferred  by  molecular  conduction.  Molecular 
conduction  allows  for  large  temperatme  differences  over  relatively  small 
distances.  Hence,  most  of  the  heat  is  transferred  across  a  thin  boimdary,  or 
skin,  layer  at  the  surface.  A  cool  skin  layer  regularly  exists  at  night  and 
throughout  most  of  the  day  and  is  on  the  order  of  a  millimeter. 

Observations  suggest  typical  temperature  differences  between  0.1  and  0.5 
°C.  Occasionally,  with  a  slight  zephyr  and  strong  insolation,  the  skin  layer 
may  become  warmer  tham  the  imderlying  water. 

The  role  of  the  skin  layer  in  regulating  the  transfer  of  heat  is  of  great 
interest  to  oceanographers.  Stud3dng  the  flux  of  heat  across  the  air-sea 
interface  requires  the  measurement  of  the  bulk-skin  temperature 
difference,  AT.  While  the  bulk  temperature  at  depths  of  10  cm  or  greater  is 
relatively  simple  to  monitor,  the  measmement  of  the  temperature  within 
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the  skin  layer  using  contact  thermistors  is  quite  difficult.  In  order  to 
overcome  this  difficulty,  investigators  have  typically  employed  narrow  field- 
of-view  infrared  radiometers  which  provide  a  spatially-averaged  point 
measurement  of  the  electromagnetic  radiation  from  depths  of  less  than  100 
pm  of  water.  The  amount  of  radiation  sensed  by  the  radiometer  directly 
correlates  to  a  representative  temperature  of  the  sea  surface  or  skin  layer. 
While  these  narrow  field-of-view  radiometers  are  useful  for  climatalogical 
studies,  a  large  map  of  temperature  produced  by  an  infrared  imager 
reveals  more  about  the  sub-pixel  scale  processes  at  the  air-sea  interface 
(with  respect  to  satellite  images).  Essentially,  the  imager  could  be  thought 
of  as  an  array  of  the  point  measurements  provided  by  narrow  field-of-view 
radiometers. 

McAlister  and  McLeish  (1965)  performed  some  of  the  first 
measurements  of  sea  surface  temperature  mapping  using  an  infrared 
scanner.  They  recorded  signatures  of  what  appeared  to  be  fronts,  large- 
scale  ocean  eddies,  free-convective  patterns,  wind  streaks,  and  breaking 
waves  along  with  the  foam  from  the  whitecaps.  Peltzer  et  al.  (1987)  used  an 
infrared  imaging  system  to  measure  the  detection  of  ship  wakes  during  the 
day.  As  the  diurnal  thermocline  was  well  established,  the  thermal  wake 
signatures  recorded  by  the  imaging  system  emphasize  the  contrast  between 
the  cool  center  of  the  wake  produced  by  the  upwelling  of  the  underlying 
water  and  a  warmer  undisturbed  surface.  These  measurements  highlight 
the  heating  of  the  ocean  which  usually  occurs  during  the  daytime.  The 
ocean  skin  layer,  however,  is  more  often  cooler  than  the  underlying  water. 
Jessup  (1993)  presents  2-D  measurements  of  nighttime  breaking  wave 
events  when  a  cool  skin  layer  has  developed.  The  warm  signature  of  an 
actively  breaking  crest  and  the  turbulent  wake  left  behind  indicate  a 
disruption  of  the  cool  skin  layer. 

The  measurements  presented  here  will  provide  further  insight  into 
the  processes  of  the  cool  skin  layer.  Aboard  the  R/P  FLIP  (Floating 
Instrument  Platform)  in  January  1992  about  400  nautical  miles  off  the  coast 
of  San  Diego,  warm  free-surface  wakes  against  the  background  of  a  cool 
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skin  layer  were  observed  by  using  an  infrared  imager.  The  size  of  the 
signatures,  on  the  order  of  a  meter,  emanating  from  a  1  cm  diameter 
surface-piercing  cable  far  exceeded  expectations.  Not  only  was  the  size  of 
the  disturbance  excessive,  but  also  the  recovery  time  of  the  skin  layer  was 
on  the  order  of  minutes.  Other  investigators  (Clauss  et  al.,  1970;  Ewing  and 
McAlister,  1960)  have  claimed  that  the  skin  layer  recovers  after  nearly  10  s 
following  the  disruption  due  to  breaking  waves.  Grassl  (1976)  suggests  that 
above  wind  speeds  of  10  m/s  wave  breaking  is  so  prevalent  the  skin  layer 
never  re-establishes  itself.  On  the  other  hand,  this  investigation  will  show 
that  at  high  wind  speeds  the  skin  layer  recovers  much  faster  than  expected 
for  both  artificial  (wire  wakes)  and  natural  (wave  breaking)  disturbances. 
The  subject  of  skin  layer  recovery  is  crucial  to  the  premise  of  this  thesis. 

The  recovery  of  the  skin  layer  is  an  important  variable  in 
determining  the  rates  of  gas  flux  which  regulate  the  transfer  of  CO2 
between  the  atmosphere  and  the  oceans.  Typically,  modelers  of  gas  flux 
use  the  recovery  time  of  the  skin  layer  to  estimate  the  surface  renewal  time 
(Hasse,1990;  Gemmrich  and  Hasse,  1992).  The  surface  renewal  model 
relates  the  average  flux  at  the  surface  to  the  driving  concentration 
difference.  The  time  associated  with  the  surface  renewal  model  most  often 
is  approximated  as  10  s  in  accordance  with  the  results  of  Clauss  et  al.  (1970) 
and  Ewing  and  McAlister  (1960).  The  results  forthcoming  emphasize  the 
variability  of  the  skin  layer  recovery  rate  and  the  need  to  further  explore  its 
relationship  to  the  physics  of  gas,  heat,  and  momentum  flux  models. 

The  skin  layer  recovery  process  is  not  the  only  topic  central  to  the 
objective  of  this  thesis.  Curious  daytime  features  of  cool  wakes  and  a 
transition  from  warm  to  cool  wakes  depict  the  small-scale  spatial 
variability  and  the  temperature  variation  with  depth  during  the  day.  The 
occurrence  of  these  features  necessitated  the  calculation  of  the  net  heat 
flux,  Qneu  a  comparison  of  the  AT  models  which  will  emphasize  the 
difficulties  associated  with  the  prediction  of  the  skin  layer  characteristics 
via  modeling. 
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The  main  objectives  of  this  thesis  are  to: 

1)  demonstrate  the  feasibility  of  using  infrared  imagery  to 
visualize  turbulence  at  an  air-water  interface, 

2)  investigate  the  spatial  and  thermal  changes  in  time  of  skin 
layer  disturbances, 

3)  determine  the  dependence  of  the  skin  layer  recovery  rate 
upon  the  level  of  the  skin  layer  disruption, 

4)  compare  the  behavior  of  skin  layer  recovery  under  high 
wind  speeds  for  artificial  and  natural  disturbances  with 
low  wind  speed  cases, 

5)  compare  the  currently  available  AT  models,  assess  their 
performance,  and  discuss  the  possibility  for  accurate 
prediction. 

The  organization  of  this  thesis  is  as  follows.  Chapters  2,  3,  and  4 
present  an  extensive  literature  survey  on  the  relevant  areas  to  this  thesis. 
Chapter  2  discusses  the  interaction  of  air  and  water  specifically  as  it  relates 
to  the  ocean  skin  layer.  Chapter  3  presents  the  background  on 
electromagnetics  required  to  utilize  and  interpret  the  techniques  of  infrared 
radiometry.  Chapter  4  develops  the  theory  behind  wakes,  turbulence,  and 
waves,  along  with  the  effects  a  free-surface  has  on  the  flow  characteristics. 
Chapter  5  presents  the  results  of  detailed  measurements  and  analysis  of 
skin  layer  disturbances,  and  compares  the  models  for  AT.  Chapter  6 
contains  a  summary  and  the  conclusions  of  this  thesis. 


CHAPTER2 


The  Air-Sea  Interface 


In  defining  the  skin  layer,  an  understanding  of  the  heat  budget  over 
the  open  ocean  is  imperative.  An  illustration  of  the  processes  relevant  over 
the  open  ocean  is  portrayed  in  Figixre  2.1.  The  net  heat  transfer  across  the 
sea  sirnface  (positive  downward  into  the  ocean,  or  in  the  positive  z- 
direction)  is  given  by 

Qnet  -  QiR+Qg+Qs+Qh  +Qe  (^.1) 


where  Qm  (invariably  negative)  is  the  infrared  radiation  emitted  by  the  sea 
surface,  Qh  (positive  or  negative)  is  the  sensible  heat  flvix,  Qe  (usually 
negative)  is  the  latent  heat  flux,  Qg  (always  positive)  is  the  downwelling 
infrared  radiation  from  the  sky,  clouds  and  atmosphere,  and  Qs  (regularly 
positive)  is  the  solar  radiation.  The  incoming  solar  and  infrared  radiation 
attempt  to  equilibrate  with  the  outgoing  infrared  radiation  and  sensible  and 
latent  (evaporative)  heat  fluxes. 


The  exiting  sensible  and  latent  turbulent  heat  fluxes  can  be 
parameterized  using  the  bulk  formulae 

(2.2) 

(2.3) 


Qh  -  ^HPa^pa('^a~'^b)^10 

and 

Qe  -  ^EPa^e (Qa~Qs)^10 


where  Ch  and  Ce  are  the  transfer  coefficients,  Pa  is  the  density  of  air,  Cpa  is 
the  specific  heat  of  air,  Lg  is  the  latent  heat  of  vaporization,  Tb  is  the  bulk 
sea  temperature,  Ta  is  the  bulk  air  temperatime,  Qs  is  the  satimated  specific 
humidity  in  air  at  the  water  surface,  Pa  is  the  actual  specific  hiimidity  in 
air  at  the  measurement  height,  and  Uio  is  the  wind  speed  measured  at  10 
meters  (Geemaert,  1990).  From  these  parameterizations,  the  wind  speed 
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Fi^uTG  2.1  Illustration  of  the  factors  influencing  the  theimal  boundary 
layer  at  the  air- water  interface. 


Table  2.1  Percentage  of  absorbed  solar  radiation  after  Schmidt  (1908),  for 
clear  water  (from  Hasse,  1971). 


Depth  of 
Water  (cm) 

10^ 

10-2 

10-1 

1 

10 

102 

103 

104 

Percentage 

Absorbed 

0.6 

4.8 

14.1 

27.0 

45.1 

64.1 

81.8 

98.6 
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dependence  is  clearly  seen  and  can  increase  the  heat  flux  considerably. 
Notwithstanding,  evaporation  generally  dominates  the  vertical  heat  flux  on 
the  ocean,  which  can  he  positive  outward  even  when  the  air  temperatime  is 
greater  than  the  hulk  sea  temperature  (Katsaros,  1980a;  Schluessel  et  al., 
1990).  As  turhulent  fluxes,  though,  the  sensible  and  latent  fluxes  cannot 
exchange  the  heat  directly  across  the  sea  surface.  Instead,  molecular 
processes  exchange  the  heat  across  the  skin  layer,  while  the  turbulent 
fluxes  carry  the  heat  up  to  and  away  from  the  sea  surface.  Only  solar 
radiation  can  penetrate  past  the  ocean  surface  to  greater  depths. 

Hasse  (1971)  and  Satmders  (1967a)  have  referenced  Schmidt  (1908) 
who  showed  that  98.6  %  of  the  solar  insolation  is  absorbed  over 
approximately  an  100  meter  depth  of  clear  ocean  water,  while  14.1  %  is 
absorbed  within  the  top  millimeter.  The  results  from  Schmidt  (1908)  are 
given  in  Table  2.1.  For  more  tiirhid  coastal  waters,  the  absorption  depth  of 
solar  radiation  could  be  much  less.  While  the  absorption  depth  of  solar 
radiation  depends  on  the  turbidity  of  the  ocean,  all  the  outgoing  heat  fluxes 
escape  from  the  skin  layer  establishing  the  net  vertical  heat  flux.  The 
absorbed  fraction  of  solar  radiation  within  the  skin  layer  is  often  on  the 
order  of  the  exiting  heat  fluxes.  Therefore,  dialing  the  fierce  mid-day  sun 
the  net  heat  flux  outward  is  often  less  intense  and  sometimes  inverted. 

Incoming  and  outgoing  infrared  (longwave)  radiation  represent  the 
"passive"  fluxes.  As  stated  previously,  the  turbulent  flooxes  dominate  the 
processes.  Even  though  explicitly  listed  in  the  heat  budget  equation,  the 
importance  of  the  longwave  radiation  lies  in  the  measurement  procedures 
and  will  be  discussed  in  detail  later. 

2.2  Cool  Skin  Laver  Model 

Initial  models  of  the  boundary  layer  at  the  ocean  surface  have  been 
difficult  to  develop,  most  of  the  obstacles  being  traced  to  measxirement 
complications.  While  the  models  have  been  based  upon  h5q)othesis,  much 
of  our  present  understanding  of  the  skin  layer  relies  upon  experiment. 
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Because  the  skin  layer  is  at  the  free-surface,  we  assume  a  restriction  of 
vertical  motions  occurs  within  it  and  consequently  the  temperature 
gradient  through  the  skin  layer  is  presumed  linear.  This  is  only  an 
approximation  at  the  free  surface  as  non-linear  profiles  have  been  predicted 
(Liu  and  Businger,  1975)  and  verified  in  the  laboratory  (Katsaros  et  al.,  1977) 
and  in  the  field  (Khundzhua  and  Andreyev,  1974;  Khundzhua  et  al.  1977). 
Therefore,  heat  transfer  near  the  free-surface  occurs  by  molecular 
conduction  and  thermal  radiation. 

Since  conduction  processes  dominate  over  convection  near  the 
interface,  the  largest  temperature  gradients  transpire  there  (McAlister  and 
McLeish,  1969).  Fourier's  law  of  heat  conduction  states, 

Q..,  =  (2-4) 

where  k  is  the  thermal  conductivity  and  dT/dz  is  the  temperature  gradient 
in  the  direction  of  heat  flow.  The  vertical  direction,  z,  normal  to  and  zero  at 
the  still  water  level,  is  measured  positive  downward.  Accordingly,  a  large 
difference  in  ocean  bulk  and  surface  temperatures  may  occur  over  a  very 
small  distance.  The  difference  between  the  bulk  ocean  temperature,  Tb, 
and  that  at  the  surface,  T®, 


AT  =  Tb-T, 


(2.5a) 


is  referred  to  as  the  bulk-skin  temperature  difference.  Defining  the 
molecular  conduction  layer  as  5k,  the  temperature  gradient  DT/dz  is 
approximated  by  ATfSk  and  Fourier's  law  now  becomes 


Qnet  =  -k 


AT 
5k  ' 


(2.5b) 


As  an  initial  indication,  the  molecular  conduction  layer  is  on  the  order  of  a 
millimeter  (Katsaros  1980a, b;  Robinson  et  al,  1984). 
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The  existence  of  a  skin  layer  on  the  ocean  is  largely  the  consequence 
of  local  winds  and  sea  surface  rigidity.  Saunders  (1967a)  proposed  a  model 
shown  in  Figure  2.2  in  which  the  convective  processes  occurring  just  below 
the  ocean  surface  are  due  to  wind-driven  turbulence.  Wind  forces  generate 
turbulent  motion  in  the  interior  of  the  ocean.  The  turbulence,  however,  is 
damped  near  the  air-sea  interface  and  usually  vanishes  within  a  thin 
sublayer  at  the  surface.  Across  this  sublayer,  transport  processes  occur  by 
molecular  diffusion.  Saimders  (1967a)  suggests  that  within  the  "quasi- 
laminar"  sublayer  of  thickness  5v,  the  tangential  wind  stress  is  transmitted 
to  the  ocean  by  viscosity.  He  then  argued  that  the  relation 


where 

w*«,  =  (VPu.)^ 


(2.6) 

(2.7) 


can  be  obtained  dimensionally  as  von  Karman  (1934)  did.  Here,  ris  the 
shear  stress,  is  the  density  of  water,  is  the  friction  velocity  within  the 
water,  5v  is  the  viscous  shear  sublayer,  and  v  is  the  kinematic  viscosity. 

A  difficulty  arises  in  the  definition  of  T.  Some  authors  cite  t  as  a  wind 
stress  (Saunders,  1967a;  Grassl,  1976)  while  others  define  it  as  a  current  or 
surface  shear  stress  (Katsaros,  1980a;  Robinson  et  al.,  1984).  Regardless, 
£my  surface  shear  stress  in  the  ocean,  Tw,  is  mainly  induced  by  the 
atmospheric  shear  or  wind  stress,  Tq.  Thus  tw  is  proportional  to  Tq. 
However,  the  proportionality  constant  appears  to  be  dependent  on  the  stage 
of  wave  growth  (Katsaros,  1980b)  and  is  not  well  defined.  For  the  purposes 
of  this  discussion,  the  friction  velocity  in  the  ocean  is  a  function  of  the 
atmospheric  shear, 

U.yy  =  f(T)  =  f(Tj  (2.8) 


where  Tq  is  parameterized  by  another  bulk  formula 


10 


Figiire  2.2  Definitions  of  the  layers  near  the  surface  for  the  model 

proposed  by  Saunders  (from  Robinson  et  al. ,  1984)  where  Qn  is 

Qnet' 
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=  CoPjJh  (2.9) 

given 

Co={0.44  +  0.063Uio)xlO-^  (2.10a) 

for  wind  speeds  of  6  to  22  m/s  according  to  Smith  (1980),  or 

Cp  =  (0.63 + 0. 066U10  )xlO-^  (2.10b) 

for  wind  speeds  of  2.5  to  21  m/s  following  from  Smith  and  Banke  (1975).  Cp 
represents  a  resistance  or  drag  coefficient  and  remains  a  topic  of  intense 
study.  Numerous  experimenters  have  found  other  parameterizations 
which  have  been  catalogued  by  Geemaert  (1990). 

Now  the  Prandtl  number, 

Pr  =  -  (2.11) 

a 

is  the  ratio  of  kinematic  viscosity  to  the  thermal  diffiisivity,  a,  and  provides 
a  relationship  between  the  hydrod5niamic  and  thermal  boundary  layers. 
Thus  the  ratio  of  these  two  quantities  should  portray  the  relative 
magnitudes  of  diffusion  of  momentum  and  heat  in  the  fluid.  The  rigid 
boundary  expression,  given  in  Holman  (1990), 

=  (2.12) 

5y  1.026 

predicts  an  approximation  for  the  relative  thicknesses  of  the  boundary 
layers.  In  our  case,  the  Prandtl  number  is  a  function  of  temperature  and 
salinity  and  customarily  ranges  from  6  to  13  for  sea  water.  Therefore, 


Sk-y2Sy 


(2.13) 
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indicating  the  molecular  conductive  layer  is  thinner  than  the  viscous  layer. 

Accepting  the  rigid  boundary  analogy,  the  molecular  conduction 
layer  co-exists  with  a  slightly  larger  viscous  layer  whose  thickness  is 
inversely  proportional  to  the  square  root  of  the  wind  stress.  Comhining 
(2.5h),  (2.6),  and  (2.13),  the  temperature  difference  can  he  written  as, 

=  (2.14) 

ku^w 

assuming  the  thermal  and  viscous  layers  are  of  the  same  magnitude.  The 
constant  of  proportionality  is  determined  experimentally  and  absorbs  the 
effects  of  the  transfer  of  tangential  wind  stress  to  the  ocean's  surface  shear 
stress  and  the  relative  deviation  between  the  molecular  conductive  and 
viscous  layers. 

Although  latent  and  sensible  heat  fluxes  and  friction  velocity  all 
increase  proportionally  with  wind  speed,  AT  may  increase,  decrease,  or 
remain  the  same.  For  a  given  net  upward  heat  flux,  AT  decreases  with 
increasing  wind  speed.  However,  the  net  heat  flux  will  not  remain 
constant  with  increasing  wind  speed  and  may  increase  faster  than  the 
conduction  layer  decreases  resulting  in  an  increased  AT.  A  continued 
increase  in  wind  speed  may  eventually  destroy  the  cool  skin  layer  (Grassl, 
1976;  Schluessel  et  al.,  1990).  Even  when  the  skin  layer  is  destroyed  by  the 
wind,  it  is  conceivable  that  evaporation  continues  to  cool  the  surface  but  the 
surface  motion  is  powerful  enough  to  prevent  the  total  re-establishment  of 
the  skin  layer. 

2.3  Validity  of  Model 

Saimders  (1967a)  based  his  model  on  the  fact  that  the  Richardson 
number  for  the  upper  meter  of  the  ocean  is  small  except  in  very  light  winds 
(<  2  m/s).  The  heat  transfer  is  forced  rather  than  free.  Robinson  et  al. 
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(1984)  point  out  that  forced  convection  arises  from  shear  flow  driven  hy  the 
surface  shear  stress  and  free  convection  is  buoyancy  driven.  The  ratio  of 
gravitational  forces  associated  with  heat  loss  to  the  atmosphere  and  shear 
forces  driven  hy  the  tangential  wind  stress  is  represented  by  the  appropriate 
Richardson  number 


where 


gravitational  forces 
shear  forces 


_  PuM*iu 
Kg'^' 


(2.15) 


(2.16) 


is  the  Monin-Obukhov  length,  K  is  the  von  Karman  constant,  g  is  the 
acceleration  due  to  gravity,  and  p'w'  is  the  vertical  fliox  of  density 
(Saunders,  1973;  Robinson  et  al,  1984).  Saunders  (1973)  showed  that  even 
for  very  light  winds  Lmo  is  of  the  order  of  1  meter,  and  hence  the  flow  is 
shear  driven  in  the  upper  few  centimeters.  In  dead  calm,  when  the 
Richardson  number  is  extremely  large,  the  surface  temperature  of  the 
ocean  may  still  differ  significantly  from  its  interior  value. 


Free  convection  dominates  with  the  absence  of  shear  in  the  surface 
layer  caused  by  vanishing  ocean  currents  and  wind  speed.  Grassl's  (1976) 
experience  during  GATE  Phase  III  led  him  to  believe  that  conditions  of 
dominant  free  convection  do  not  occur  when  drift  currents  as  small  as  0.5 
m/s  and  extremely  slight  wind  conditions  exist.  Katsaros  (1977),  however, 
citing  Hasse  (1971),  emphasizes  that  even  with  no  mean  water  currents  and 
with  the  wind  speed  dropping  below  2  m/s,  free  convection  is  likely  to 
dominate.  According  to  studies  of  free  convection  between  horizontal  plates 
(Rossby,  1969;  Chu  and  Goldstein,  1973)  and  with  a  free  surface  boxmdary 
(Katsaros  et  al.,  1977),  the  net  heat  flux  is  given  by 


Qnet  =  Ak 


gQ 


te 


AT 


% 


\  av 


(2.17) 
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where  Cte  is  the  coefficient  of  thermal  expansion  and  A  is  an  arbitrary 
constant  determined  from  experiment.  The  dimensional  argument  is 
summarized  below. 

Katsaros  (1980a)  comments  that  with  no  wind  stress  or  waves  on  a 
water  surface  the  motions  are  driven  by  buoyancy  forces  tmder  conditions  of 
upward  heat  flux.  The  cold  boundary  layer  grows  in  depth  by  conduction, 
becomes  unstable,  collapses  and  sinks  into  the  warmer  bulk  water  below. 

In  shallow  layers,  familiar  Benard  convection  cells  of  thermal  circulation 
develop  (Benard,  1901).  In  deep  enough  water,  the  motions  become 
tvurbulent  and  also  independent  of  depth  at  a  large  enough  Rayleigh 
number  (approximately  >  10^).  The  Rayleigh  number  expresses  the  balance 
between  the  driving  buoyancy  forces  and  the  diffusion  of  heat  and 
momentum  which  retard  the  motion  and  tend  to  stabilize  it.  The  Rayleigh 
number  can  be  defined  as 

Ra  =  ^^ATd^  (2.18) 

av 

where  d  is  the  depth  of  water.  The  non-dimensionalized  heat  flux  given  by 
the  Nusselt  number 


=  (2.19) 

kAT 

is  also  a  function  of  the  Rayleigh  number  in  the  form 

Nu  =  ARa"  (2.20) 

where  n  and  A  are  experimentally-determined  constants.  Katsaros  et  al. 
(1977)  provided  an  extensive  study  of  the  processes  involved  and  determined 
n~y^  and  A  =  0.156.  Assuming  depth  independence,  (2.18),  (2.19),  and 

(2.20)  reduce  to 


-  eli 


(2.21) 
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an  abbreviated  form  of  (2.17).  Substituting  Fourier's  conduction  law  of 
(2.5b)  into  the  previous  equation  we  arrive  at 

Sk-Q-Jf-  (2-22) 

Therefore,  in  free  turbulent  convection,  AT  increases  in  magnitude  with  an 
increase  in  Qnet  while  4  decreases. 

Katsaros  et  al.  (1977)  developed  a  schematic  of  the  free  convection 
processes  involved  in  which  three  regions  are  portrayed  in  Figure  2.3.  The 
aforementioned  molecular  layer  resides  closest  to  the  surface  and  is 
thinner  than  that  existing  in  forced  convective  flow  and  on  the  order  of  0.1 
Sk.  Just  below,  the  thermal  source  layer  of  thickness  on  the  order  of  0.5  4 
resides.  Here,  the  colder,  heavier  water  plimges  while  the  warmer  water 
from  below  advects  vertically.  Below  this  is  the  turbtilent  convective  region 
where  heat  becomes  well-mixed  and  stable. 

2.4  Field  and  Laboratory  Observations  of  AT  and  Values  for 

Woodcock  (1941)  £md  Woodcock  and  Stommel  (1947)  made  some  of  the 
earliest  observations  of  temperature  profiles  at  the  air-water  interface  on 
fresh  and  salt  water  ponds.  Using  a  mercury  thermometer  9  cm  long  and 

1.5  mm  in  diameter,  they  measxired  AT's  of  0.5  to  1.0  °C  between  the 
"surface"  and  0.2  m  depth  while  the  wind  speed  was  less  than  2  m/s.  The 
measurements  occurred  at  night  with  the  air  5  -  15  °C  cooler  than  the 
water. 


Obvious  difficulties  arise  in  measming  the  molecular  conduction 
layer  with  a  device  1.5  mm  in  diameter.  To  avoid  these,  numerous 
experimenters  have  implemented  infrared  radiometers  which  measure  the 
intensity  of  radiation  emitted  from  the  depths  of  about  10  -  100  pm, 
depending  on  the  type  of  radiometer  (Maul,  1985).  Since  the  cool  skin  layer 
is  on  the  order  of  a  millimeter  thick,  this  is  truly  representative  of  the 
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Figure  2.3  Schematic  diagram  of  a  model  of  the  thermal  boundary  layer 
delineating  the  source  region  of  cold  thermals.  Solid  line  is  the 
theoretical  mean  temperature  profile  based  on  time-averaged 
conductive  profiles.  Dashed  line  represents  the  mean  observed 
temperature  profile.  T  is  the  mean  observed  temperature, 7^ 
is  the  mean  bulk  temperature,  AT  is  the  total  temperature 

drop,  and  5=  5k  as  defined  from  Equation  (2.5)  (from  Katsaros 
etal,  1977). 


17 


siirface  temperature.  Ewing  and  McAlister  (1960)  employed  a  stirring 
technique  shown  in  Figure  2.4  using  a  pump  from  below  the  water  surface 
which  essentially  breaks  the  skin  layer  and  mixes  it  with  the  water  below. 
By  doing  this,  they  were  able  to  measure  directly  with  one  instnunent  AT's 
near  0.6  °C  at  night  off  Scripp's  Pier  with  a  0.5  m/s  breeze.  Hill  (1972)  and 
Katsaros  (1977)  also  used  this  technique  to  measure  AT's.  Katsaros  (1977) 
looked  specifically  at  very  low  wind  speed  conditions,  i.e.  free  convection, 
searching  for  extreme  values  of  AT.  She  discovered  average  AT's  which 
ranged  fi'om  0.4  to  2.4  °C  in  the  lab  and  up  to  2.5  °C  in  the  field  under 
various  bulk  air- water  temperature  differences.  She  shows  the  dependence 
of  AT  on  the  bulk  air- water  temperature  difference  in  Figure  2.5  using 
results  from  her  study  along  with  previous  investigators. 


Saunders  (1967b)  made  aerial  radiometric  measurements  of  the 
interface  while  correcting  for  the  imperfect  transparency  of  the  atmosphere 
and  nonblackness  of  the  sea  surface.  Surface  vessels,  300  m  below,  obtained 
bulk  temperatures  which  amoimted  to  AT's  ranging  from  0.2  to  0.35  °C. 
McAlister  and  McLeish  (1969)  made  similar  measurements  of  the  skin 
layer  in  the  laboratory  with  a  radiometer  close  to  the  surface  resulting  in 
AT's  of  1.0  °C  with  a  wind  speed  of  4.5  m/s.  Hill  (1972)  performed  a 
laboratory  experiment  taking  advantage  of  the  stirring  technique  similarly 
employed  by  Ewing  and  McAlister  (1960).  He  reported  AT's  ranging  up  to 
about  1.0  °C  with  <  35  cm/s  {Uio  =  10  m/s).  This  value  for  the 
aerodynamic  friction  velocity,  defined  as 


U*a 


f  ^  ^/2 
<Po  > 


(2.23) 


marked  the  change  from  aerodynamically  smooth  to  rough  flow  as 
evidenced  in  Figures  2.6a  and  b.  Accordingly,  a  large  decrease  in  AT  to  0.1 
°C  prominently  distinguished  this  transition  shown  in  Figime  2.7,  where 
the  reciprocal  of  the  heat  transfer  coefficient,  %  is  a  measure  of  the  AT. 
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Figvire  2.4  Schematic  demonstration  of  the  experimental  set-up  employed 
by  Ewing  and  McAlister  (1960)  to  measure  the  bulk-skin 
temperature  difference,  AT  (from  Maul,  1985). 


Figure  2.5  Measured  values  of  negative  temperature  deviations  of  the  free 
siirface  boundary  layer  in  water  at  low  wind  speeds  versus  air- 
water  temperature  difference  from  several  investigators  (from 
Katsaros,  1977). 
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Variation  of  roughness  length,  Zq,  with  aerod5nianiic 
friction  velocity  (from  Hill,  1972).  The  roughness  length, 
which  is  dependent  upon  wave  conditions,  describes  the 
region  within  a  wind  velocity  profile  near  the  water 
surface  where  molecular  effects  dominate  over  turbulent 
ones. 
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Figure  2.7  Variation  of  the  reciprocal  of  water  boundary  layer  heat 
transfer  coefficient,  7,  with  local  air-friction  velocity  for 

different  Bowen  ratios,  B ,  showing  the  transition  from  smooth 
to  rough  conditions.  The  Bowen  ratio  is  that  of  sensible  to 
latent  heat  flux  (from  Hill,  1972). 
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Hasse  (1971)  extended  from  Saunders  the  dependence  AT  on  the 
ratio  of  heat  flux  to  wind  speed  and  found  nighttime  AT's  near  0.4  °C  and 
da5d;ime  around  0.1  to  0.2  °C  under  moderate  winds.  Paulson  and  Parker 
(1972)  used  a  similar  laboratory  apparatus  as  Hill  (1972)  to  find  AT's 
ranging  from  1.1  to  1.8  °C  tmder  low  wind  conditions.  They  found  an 
average  value  of  Ao  =  15  to  be  independent  of  heat  flux  and  wind  stress  as 
Saunders  (1967a)  had  predicted,  but  which  was  larger  than  Saunders' 
suggested  v£due  of  A  in  the  range  of  5  to  10.  Laboratory  measurements  by 
Hill  (1970)  show  that  Ao  =  11  without  waves,  while  with  wind-generated 
waves  present  Ao  =  4.  The  set  of  field  data  accumulated  by  Hasse  (1971) 
shows  Ao  =  8.  This  wide  variety  of  values  for  suggests  that  possibly  wave 

effects  are  significant. 

Simidtaneous  to  understanding  more  about  gas  exchange  rate 
processes,  Kanwisher  (1963)  originated  the  discussion  of  how  waves  could 
affect  the  heat  budget  and  consequently  the  bulk-skin  temperature 
difference  and  the  molecular  conduction  layer.  Figure  2.8  shows  the  effect 
of  wind  velocity  and  waves  on  the  gas  exchange  rate.  Without  mechanically 
generated  waves,  notice  the  small  effect  of  wind  at  low  velocities  until  a 
critical  value  is  reached  which  is  interestingly  about  the  same  velocity 
where  capillary  waves  commence  (Keller,  private  communication). 
Kanwisher's  measurements  indicate  that  above  this  threshold  wind 
velocity  of  3  m/s,  the  gas  exchange  rate  increases  with  the  square  of  the 
velocity.  Without  wind  and  in  the  presence  of  mechanically  generated 
waves,  the  gas  exchange  rate  is  enhanced.  However,  as  wind  is  applied 
over  mechanically  generated  waves,  it  reaches  a  velocity  where  the  waves 
actually  inhibit  gas  exchange  as  compared  to  the  case  without  waves. 
Essentially,  the  gas  flux  is  reduced  by  surface  waves  at  higher  wind  speeds 
while  augmented  at  lower  ones. 

We  recall  that  A©  absorbed  the  effects  of  the  transfer  of  wind  stress  to 
the  ocean's  surface  shear  stress  and  wave  generation,  and  the  relative 
deviation  between  the  molecular  conductive  and  viscous  layers.  Numerous 
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Figure  2.8  Liquid-air  gas  exchange  variation  with  wind  velocity.  Waves 
accelerate  exchange  at  low  velocities  and  decrease  it  at  high 
wind  speeds  (from  Kanwisher,  1963). 
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authors  (Saunders,  1967a;  Pardson  and  Parker,  1972;  Saunders,  1973; 
Robinson  et  at.,  1984)  suggest  the  presence  or  absence  of  waves  may  be  an 
important  factor  affecting  the  comparison  of  theory  and  observations.  The 
appropriate  r  in  Saunders'  model  is  not  the  wind  stress,  but  the  viscous 
stress  in  the  molecular  layer  just  below  the  air-water  interface.  As 
previously  discussed,  Saunders  (1967a)  replaced  the  viscous  stress  with  the 
total  wind  stress,  hence,  approximating  the  friction  velocity  in  the  water  as 


^*w  ~ 


PwJ 


(2.24) 


allowing  the  difference  to  be  absorbed  by  Measurements  by  Dobson 
(1971)  indicate  that  as  much  as  80  %  of  the  total  wind  stress  is  transferred 
into  waves  through  normal  presstare  forces,  allowing  for  only  20  %  of  Tq  to 
be  transmitted  by  shear  into  the  viscous  sublayer.  Hasselmann  et  al.  (1973) 
concur  with  Dobson  according  to  results  during  the  JONSWAP  experiment. 
The  reduction  in  ta  transmitted  by  shear  res\ilts  in  a  decrease  in  water 
friction  velocity.  Therefore,  using  the  full  wind  stress  to  approximate  the 
friction  velocity  in  the  ocean  will  tend  to  overestimate  Xq  during  the 
generation  and  maintenance  of  waves. 

Grassl  (1976)  made  field  measurements  and  found,  contrary  to  Hill 
(1970),  that  increased  (from  =  2  to  6)  with  increasing  wind  speed  {Uw  =  1 
to  10  m/s)  as  shown  in  Figure  2.9  while  AT's  ranged  from  0.17  to  0.21  °C.  He 
deduced  that  the  strong  variation  of  Xo  reveals  that  quite  distinct  parts  of  ta 
are  used  for  wave  generation  at  different  wind  speeds.  Hence,  he  estimated 
the  ratio  of  total  wind  stress,  Ta,  and  that  part  necessary  to  generate  or 
maintain  a  wave  field,  The  results  displayed  in  Figure  2.10  suggest 
nearly  complete  usage  of  the  wind  stress  for  wave  generation  at  low  wind 
speeds  which  decreases  sharply  at  higher  wind  speeds.  Upon  the 
generation  of  waves,  less  of  Ta  is  needed  for  the  purposes  of  wave  field 
maintenance  as  the  wind  speed  increases  allowing  Ta  to  come  to 
approximate  1^.  Wesely  (1979)  complicates  the  problem  further  by 
reporting  a  rather  stable  Ao  =  6  or  7  for  wind  speeds  ranging  from  3  to  8.5 
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Figure  2.9  The  dependence  of  the  factor  ^  on  the  mean  wind  speed,  Uio- 
Values  presented  in  or  derived  from  different  publications  are 
included.  The  line  with  crosses  is  valid  for  Cp  held  constant  at 
1.3  X  10-3,  while  a  corrected  (open  circles)  and  imcorrected 
(solid  circles)  bulk  parameterization  of  the  wind  stress  is  also 
denoted.  The  correction  for  Cp  is  to  coimteract  the  shielding  of 
the  measurement  area  by  the  ship  (from  Grassl,  1976). 


Figure  2.10  Total  wind  stress  to  wave  supporting  stress  ta!  twv  dependence 
on  the  mean  wind  speed  Uio  using  Cp  =  (0.63  +  0.066[72o)x  lO'^. 
The  dashed  hne  was  generated  by  omitting  all  of  the  data  with 
AT  >  0.4  °C  (from  Grassl,  1976). 
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m/s  and  AT’s  from  0.3  to  1.5  °C  on  a  cooling  pond.  He  pointed  out  that  the 
results  of  Ao  =  6  at  a  bulk  water  temperature  of  15  °C  and  Aq  =  7  at  35  °C 
suggest  the  relative  importance  of  the  Prandtl  number  effect.  Simpson  and 
Paulson  (1980)  aboard  R/P  FLIP  found  AT's  of  0.16  to  0.29  °C  and  Aq  =  7  for 
wind  speeds  of  5.6  to  9.2  m/s.  The  restricted  range  of  wind  speeds  resulted 
in  no  conclusions  about  a  possible  variation  in  Aq.  On  a  similar  yet  separate 
FLIP  experiment,  Paulson  and  Simpson  (1981)  attempted  to  investigate  the 
modification  of  Ao  with  wind  stress.  They  found  a  value  of  Aq  =  6.5  to  be 
independent  of  wind  speed  for  the  range  of  3  to  11  m/s.  Upon  further 
inspection  of  Grassl  (1976),  they  noticed  Ao  appeared  relatively  stable 
between  5  and  6  for  wind  speeds  ranging  from  4  to  10  m/s  while  steadily 
decreasing  below  4  m/s.  However,  Schluessel  et  al.  (1990)  concluded  that  Aq 
distinctly  increases  from  1  to  8  with  increasing  wind  speed  {Uio  =  1-11 
m/s).  This  trend  corroborates  Grassl's  initial  work  relating  Ao  with  wind 
speed  and  is  shown  in  Table  2.2. 

Witting  (1971)  put  forth  another  possible  origin  for  the  discrepancy. 

In  a  theoretical  analysis,  he  revealed  that  steep  capillary  waves  can 
decrease  the  temperature  difference,  AT,  by  a  factor  of  9  across 
infinitesimal  molecular  layers  and  about  7-8.5  for  1-2  mm  layers. 
Irrotational  non-breaking  gravity  waves  were  not  nearly  as  effective  (factor 
of  only  1.38).  Witting  suggests  that  his  theoretical  results  may  constitute  an 
explanation  of  the  laboratory  results  of  Hill  (1970),  who  fovmd  an  abrupt 
drop  in  AT  by  a  factor  of  3  while  increasing  wind  speed  and  holding  the 
average  Qnet  constant.  In  all  of  the  cases  the  abatement  occurred  with  the 
incipient  generation  of  waves,  usually  capillary  in  nature.  The  drop  in  AT 
may  simply  have  been  a  manifestation  of  the  large  decrease  in  temperature 
gradients  necessary  for  heat  conduction  when  capillary  action  takes  place 
which  could  tend  to  decrease  A^.  The  effect  of  wave  action  on  temperature 
difference  may  have  actually  been  greater  than  expected  by  Witting  as  Aq 
may  have  been  overestimated  due  to  the  reduced  transfer  of  wind  stress  to 
the  shear  layer  during  wave  generation.  Witting  also  points  out  that  if 
radiation  and  evaporation  dominate  ocean  cooling,  the  average  heat  flux 
with  waves  present  usually  exceeds  that  without  waves,  agreeing 
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Table  2.2  Dependency  of  Ao  on  wind  speed  (from  Schluessel  et  al.,  1990). 


Uio  (m/s) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Ao 

1.1 

2.2 

2.2 

2.0 

2.9 

4.0 

4.5 

4.7 

5.9 

8.0 

8.4 

Table  2.3  Depth  of  viscous  boundary  layer,  total  heat  flux,  temperature 
drop  and  Ao  as  a  function  of  mean  wind  speed  (from  Grassl, 
1976). 


Uio  (m/s) 

Qnet  (W/m2) 

Ao 

AT  (°C) 

5v  (mm) 

1 

76.3 

2.23 

0.174 

0.62 

2 

93.0 

2.97 

0.187 

0.41 

3 

110.0 

3.96 

0.213 

0.28 

4 

125.6 

4.75 

0.213 

0.21 

5 

134.1 

4.92 

0.196 

0.18 

6 

151.7 

5.06 

0.180 

0.14 

7 

174.7 

5.53 

0.189 

0.12 

8 

187.8 

5.84 

0.192 

0.10 

9 

207.5 

5.42 

0.167 

0.09 

10 

234.7 

5.48 

0.170 

0.08 
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with  Kanwisher's  (1963)  initial  results  for  low  wind  speeds.  Gravity  waves 
should  outperform  large  amplitude  capillary  waves  due  to  a  possible 
"blocking  effect"  induced  by  the  absorption  of  radiation  emitted  from  one 
part  of  the  wave  at  another  location. 

Despite  the  breadth  of  experiments,  conclusive  evidence  remains 
elusive  as  too  many  seemingly  contradictory  reports  exist.  Compounding 
the  problem,  it  is  difficult  to  compare  laboratory  experiments  with  large 
(ocean)  £md  small  (ponds  or  lakes)  scale  field  experiments  especially  when 
such  scatter  is  involved  in  the  findings.  Moreover,  the  skin  layer  appears  to 
be  more  and  more  a  local  phenomenon  and  thus  the  goal  of  a  umversal  Ao  is 
less  fruitful.  Regardless,  obvious  discrepancies  continue  to  emerge  and 
point  to  the  munerous  unknown  factors  associated  with  the  air-water 
interface.  In  opposition  to  a  rigid  boundary  condition,  Sarmders  (1973) 
points  out  that  the  existence  of  the  free  boundary  allows  for  flow  parallel  to 
the  air-sea  interface  which  reduces  the  sublayer  thickness.  Therefore,  in 
addition  to  the  wave  effects  listed  above,  surface  tension  may  also  modify  Xo 
and  AT. 

Siirface  tension,  a,  of  clean  water  is  a  strong  fimction  of  temperatime. 
The  surface  tension  of  cold  water  is  greater  than  that  of  warmer  water. 

The  Marangoni  effect  is  motion  energized  by  surface  tension  gradients. 
Surface  tension  variations  due  to  temperatvu’e  create  motions  from  warm  to 
cold  regions  (areas  of  lower  sxirface  tension  spread  into  areas  of  higher 
surface  tension).  Katsaros  (1980a)  states  that  xmder  low  wind  speeds,  the 
Marangoni  effect  is  most  important  in  the  initial  stages  of  free  convection  in 
deep  water.  The  effects  of  buoyancy  dominate  the  form  of  convection  in  the 
deeper  layers  while  the  surface  tension  affects  the  thin  surface  layers  of 
water  (<  2  cm).  As  the  convection  reaches  fiill  development,  the  Marangoni 
effect  diminishes  and  begins  to  amplify  the  convection  as  a  second  order 
effect. 


Contamination  of  a  surface  affects  the  surface  tension  and  its 
temperature  dependence  (Katsaros,  1977).  While  surfactants  reduce 
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da!^ ,  other  competing  factors  may  offset  this  effect.  For  convection, 
divergent  regions  (warmer)  retain  less  surface-active  materials  (higher 
surface  tension)  while  the  converging  regions  (cooler)  contain  more 
sm'factants  (lower  surface  tension).  Therefore,  the  Marangoni  effect  may 
be  diminished  or  possibly  negated.  Jarvis  and  Kagarise  (1962)  and  Jarvis 
(1962)  describe  the  suppression  of  water  surface  motion  which  exists  when 
a  sirnface- active  material  is  present.  They  attribute  the  retardation  of  flow 
to  a  decrease  in  the  Marangoni  effect  and  the  viscous  stress  on  the  water. 
Furthermore,  by  examining  various  surface-active  monolayers  (~  20  A  or 
usually  one  molecule  thick)  with  different  hydrocarbon  chain  lengths  and 
degrees  of  close-packedness,  they  report  that  some  surfactant  materials 
affect  evaporation  and  thus  alter  the  heat  flux.  The  more  close-packed  and 
longer  the  hydrocarbon,  the  greater  resistance  to  evaporation  at  high  film 
pressures  and  thus  higher  recorded  temperatures  near  the  surface. 

When  certain  slicks  quell  evaporation,  the  latent  heat  flux  decreases, 
reducing  the  net  heat  flux  exiting  the  ocean.  The  presence  of  a  slick  also 
inhibits  the  motion  of  the  surface  and  the  capacity  of  the  wind  stress  to 
generate  turbulence  near  the  surface.  The  reduction  in  could  result  in 

the  thickening  of  the  viscous  sublayer.  Since  the  heat  flux  has  diminished 
and  the  boundary  layer  thickness  increased,  the  temperature  change 
across  the  skin  layer,  AT,  may  be  insignificant.  The  presence  of  most 
organic  surface  films  at  the  air-sea  interface,  however,  does  not  inhibit 
evaporation  according  to  Garrett  and  Smith  (1984).  Even  if  the  surface- 
active  material  does  not  hinder  evaporation,  the  slick  still  will  provide  a 
reduction  in  As  the  net  heat  flux  remains  constant,  the  bulk-skin 

temperature  difference  will  increase  assuming  the  ocean  is  cooling  off.  In 
some  cases  where  flow  is  converging  on  the  ocean  surface,  slicks 
conglomerate  and  become  much  thicker  than  20  A  providing  an  extra  layer 
through  which  molecular  conduction  occvu's,  thus  increasing  the  AT. 


2.5  Thickness  for  the  Thermal  Boundary  Laver 
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During  the  development  of  the  cool  skin  layer  model  in  Section  2.2, 
the  thermal  boundary  layer  thickness  was  assumed  to  be  on  the  order  of  a 
millimeter  without  any  discussion  of  confirmation.  Experimental  results 
appear  consistent  with  the  hypothesis  that  a  boundary  layer  exists  at  the 
ocean  surface  through  which  heat  escapes  predominantly  by  molecular 
conduction.  Quantitative  support  for  the  skin  layer  depth  is  presented  here. 
In  one  of  the  initial  estimations  of  laminar  sublayer  thickness,  Kanwisher 
(1963)  demonstrated  the  existence  of  the  laminar  sublayer  at  the  water 
sxirface  imder  moderate  wind  speeds  in  laboratory  experiments  on  gas 
exchange  rates  between  air  and  water.  According  to  the  gas  exchange  rate 
equation  used  by  Kanwisher, 

Gas  Flux  -  ‘  diffusihility  ^2  25) 

thickness 

where  the  A  concentration  is  fovmd  from  the  solubility  times  the  change  in 
partial  pressures  of  air  and  water.  Previously,  we  spoke  at  length 
regarding  the  effect  of  wind  and  waves  on  the  gas  exchange  rate.  From 
(2.25),  the  gas  flux  is  inversely  proportional  to  the  thickness  of  the  diffusive 
layer  and  consequently  the  wind  and  waves  have  the  opposite  effect  upon 
the  sublayer  as  seen  in  Figure  2.8. 

More  formal  estimates  of  the  skin  layer  depth  were  deduced  by 
McAlister  (1964)  and  McAlister  and  McLeish  (1965).  They  developed  a  two- 
wavelength  region  infrared  radiometer  to  effectively  measure  the 
temperature  at  two  depths,  0.06  and  0.50  mm,  simultaneously.  Calculation 
of  the  heat  flux  by  Fourier's  law  proved  to  be  within  experimental  error  of 
the  total  heat  fliox  from  the  surface.  They  concluded  that  the  result 
indicated  that  conduction  dominated  and  occurred  within  the  top 
millimeter.  McAlister  and  McLeish  (1969)  expanded  their  own  discussion 
to  look  at  the  effects  of  wind  speed  (i.e.  turbulence).  Previously,  they  had 
obtained  results  for  wind  speeds  of  2  to  3  m/s.  Using  the  previous 
radiometer  setup,  they  observed  the  effects  of  higher  wind  speeds  up  to  10 
m/s  and  found  that  above  5  m/s  increasing  deviations  from  the  predicted 
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temperature  profiles  resulted.  According  to  this  result,  the  conduction 
layer  had  thinned  to  shallower  depths  than  the  measurement  range  used. 
By  emplo5dng  another  two-wavelength  region  infrared  radiometer 
measiiring  down  to  only  0.025  and  0.075  mm  they  believed  that  turbulence 
would  not  affect  the  flow  within  the  measured  region.  Thus  the  first 
estimates  of  the  skin  layer  were  on  the  order  of  a  millimeter  even  for  wind 
speeds  up  to  10  m/s.  More  recently,  McKeown  (1993)  utilized  an 
interferometer  sensing  radiation  in  the  2  to  5  pm  wavelength  range.  The 
technique  directly  measures  a  continuous  temperature  profile  within  the 
first  100  pm  at  the  air-water  interface  with  possible  applications  for  suitable 
instruments  down  to  1  mm. 

Wu  (1971)  also  provided  an  estimation  of  the  oceanic  thermal 
boundary  layer  thickness.  He  used  the  analysis  provided  in  Section  2.2, 
specifically  von  Karman's  laminar  sublayer  thickness  relation 

5^  =  11.5—  (2.26) 

in  conjunction  with  the  results  of  30  independent  field  investigations  of 
wind  stress  and  Cd,  where  is  defined  by  (2.24).  Summarizing  the 

results  shown  in  Figure  2.11,  he  foimd  the  thermal  layer  estimated  between 
4  and  0.25  mm  for  Uio  <  15  m/s  and  between  0.25  and  0.1  mm  for  Uio  >  15 
m/s  and  explicitly  showed  the  dependence  of  the  Prandtl  number  by 
displaying  both  the  viscous  and  thermal  estimates  which  are  half  5v.  Note 
that  the  analysis  by  Wu  assumes  the  air-water  interface  acts  as  a  solid 
boundary. 

Hill  (1972)  derived  a  formula  combining  Fourier's  conduction  law  in 
(2.5b)  with  a  heat  transfer  equation  of  the  form 

Qnet  =  -l^pw{pwPaf'{^T)u,a 


(2.27) 


3: 


Wind  Velocity,  Ujq  (m/jec) 


Figure  2.11  Wind-stress  coefficient,  viscous-sublayer  thickness,  and 

thermal-layer  thickness  at  different  sea  conditions  (from  Wu, 
1971). 
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where  Cpuj  is  the  isobaric  specific  heat  of  water  and  /is  the  experimentally 
determined  heat  transfer  coefficient  to  arrive  at 


^pw  {PwPa  ) 


(2.28) 


Using  measurements  from  Hill  (1970)  along  with  (2.28),  he  calculated  the 
variation  of  water  boundary  layer  thickness  with  local  air-friction  velocity 
as  displayed  in  Figure  2.12.  Of  particular  interest,  the  skin  layer  ranges 
between  2.0  and  0.5  mm  for  <  35  cm/s  (Ujo  ~  10  m/s)  and  for  the  rough 
regime  of  >  35  cm/s  it  ranges  down  to  0.07  mm  at  the  highest  wind 
speeds.  Although  Hill  and  Wu  made  estimates  of  the  same  order, 
discrepancies  did  emerge. 

The  model  which  has  been  employed  throughout  this  chapter 
assumes  that  the  skin  layer  is  similar  to  that  which  would  exist  over  a  rigid 
surface  as  evidenced  by  (2.26).  Wu's  (1971)  estimate  specifically  does  not 
consider  surface  tension,  o,  although  it  would  appear  that  it  must  play 
some  role  in  determining  the  thermal  boundary  layer  thickness.  Surface 
tension  will  allow  the  interface  some  rigidity  but  less  than  a  solid  boundary. 
Levich  (1962)  derived  an  expression  for  the  laminar  sublayer  thickness  of  a 
free-falling  thin  film,  assuming  surface  tension  as  the  mechanism  of 
turbulence  damping  near  the  surface.  Omholt  (1973)  suggests  his  result 


5y(y  —  B 


^{^IPw) 


1/2 


u. 


*w 


(2.29) 


should  also  be  applicable  to  the  ocean  svirface,  where  B  is  a  dimensionless 
constant  and  dya  is  the  viscous  sublayer  accormting  for  surface  tension. 
Figure  2.13  shows  the  sublayer  thicknesses  calculated  from  (2.26)  and  (2.29) 
along  with  the  indirect  estimates  by  Hill  (1972)  from  measurements  of  heat 
flux  and  temperature  differences  across  the  skin  layer.  According  to  (2.29), 
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(cm/s) 

Figure  2.12  Variation  in  calculated  water  boundary  layer  thickness  with 
local  air-friction  velocity  (from  Hill,  1972). 


Figure  2.13  The  oceanic  sublayer  thickness.  The  curves  associated  with 
Equations  (2.26)  and  (2.29)  depict  the  viscous  sublayer,  while 
Hill's  (1972)  data  represent  the  thermal  boimdary  layer 
thickness. 


the  boundary  layer  thickness  accounting  for  surface  tension  decreases 
faster  with  increasing  wind  speed  than  for  (2.26).  The  close  agreement 
between  (2.29)  and  Hill's  estimates  may  be  coincidental.  The  equations  of 
(2.26)  and  (2.29)  are  used  for  calculating  the  viscous  sublayer  which  is 
expected  to  be  larger  than  the  thermal  sublayer  attained  by  Hill.  The 
importance  of  Omholt  (1973),  however,  is  in  raising  discussion  of  the  free 
surface  boundary  condition. 

Saimders  (1973)  continues  this  discussion  and  points  out  that  while 
the  wind  regards  the  sea  surface  as  an  undulating  rigid  boundary,  the 
ocean  treats  the  interface  as  a  free  boimdary.  From  either  perspective,  fluid 
velocities  normal  to  the  moving  boundary  must  vanish  while  the  free 
surface  supports  non-zero  velocities  parallel  to  it.  Only  on  a  rigid  boundary 
must  the  parallel  components  also  vanish  (i.e.  the  no-slip  condition).  In 
order  to  better  imderstand  the  physical  properties  of  the  viscous  sublayer, 
several  authors  have  attempted  to  measure  the  velocity  profile  at  the 
surface.  McLeish  and  Putland  (1975)  performed  one  such  investigation 
using  clouds  of  microscopic  hydrogen  bubbles  as  tracers  in  a  wind-water 
tunnel  experiment.  Figures  2.14a-b  show  the  downwind  (U)  and  crosswind 
(V)  mean  water  velocities  produced  by  a  9.0  and  5.5  m/s  air  flow 
respectively.  Both  flows  were  essentially  laminar  and  show  the  viscous 
layer  to  be  on  the  order  of  a  millimeter.  Figure  2.15  represents  the  velocity 
profile  produced  from  the  same  air  speed  of  5.5  m/s  at  a  position  farther 
downstream  where  the  flow  was  fully  turbulent.  The  linear  portion  of  the 
profile  at  the  surface  indicates  the  viscous  sublayer  which  is  thinner  than 
the  computed  profile  at  a  solid  boundary  with  the  same  stress  shown  by  the 
straight  and  curved  lines  in  Figure  2.15. 

Grassl  (1976)  tabulated  values  for  ?Lo  and  calculated  the  viscous 
boundary  layer  from  field  measurements  using 
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Figure  2.14a-b 


Water  velocity  profile  in  an  essentially  laminar  flow,  + 
downwind  and  x  crosswind.  The  fitted  line  is  an 
exponential  curve  (from  McLeish  and  Putland,  1975). 
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Figure  2.15  Water  velocity  profile  in  a  turbulent  flow.  The  straight  line  fits 
the  surface  slope,  and  the  curved  departing  line  follows  the 
mean  profile  at  a  solid  boundary  (from  McLeish  and  Putland, 
1975). 


Figure  2.16  Values  of  5k  estimated  from  Equation  (2.5)  versus 

calculated  from  the  bulk  aerodynamic  relationships.  The 
numbers  near  the  points  and  the  standard  error  bars  are  the 
number  of  10-min  samples  used  (from  Wesely,  1979). 
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from  the  combination  of  (2.6)  and  (2.14).  The  values  are  listed  in  Table  2.3. 
Khundzhua  et  al.  (1977)  measured  the  temperature  gradient  across  the 
interface  of  the  Black  Sea  and  found  that  for  wind  speeds  of  up  to  6  -  8  m/s, 
the  temperature  profile  is  Unear  in  a  layer  0.2  -  0.6  mm  while  the  full  non¬ 
linear  profile  extended  down  to  3.5  mm  on  average.  Finally,  Wesely  (1979) 
estimated  the  thickness  of  the  thermal  boundary  layer  from  measurements 
over  a  cooling  pond  and  foimd  the  results  shown  in  Figure  2.16. 

2.6  Breaking  of  the  Skin  Laver 

As  we  have  seen,  numerous  authors  have  reported  detection  of  a  cool 
sxirface  layer  at  wind  speeds  up  to  10  m/s.  As  noted  earlier,  however,  the 
cool  skin  layer  can  be  destroyed  resulting  in  an  increase  in  the  infrared 
stirface  temperature.  When  the  friction  velocity  increases  up  to  a  critical 
point  and  beyond,  the  turbulent  eddies  from  below  intermittently  penetrate 
and  disrupt  the  conduction  layer  allowing  the  underlying  warmer  water  to 
miv  up  to  the  surface.  Many  authors  have  encountered  this  phenomenon 
upon  which  the  re-establishment  process  of  the  cool  skin  layer  by  molecular 
conduction  will  commence.  Kline  et  al.  (1967)  described  the  encroachment 
of  the  laminar  boimdary  layer  by  turbulent  eddies  which  rip  at  and  remove 
fluid  from  this  laminar  region.  The  process  outlined  by  Kline  et  al.  is 
known  as  "surface  renewal"  and  limits  the  growth  of  the  thermal  botmdary 
layer  in  both  5k  and  AT.  Jarvis  (1962)  also  acknowledged  that  increased  air 
velocity  over  a  water  sxirface  would  increase  surface  mixing,  but  was  more 
interested  in  slicks'  effects  on  surface  motion  and  evaporation.  Saunders' 
(1967a)  model,  then,  provides  an  impetus  for  a  comprehensive  study  into  the 
wind  speed  "threshold"  which  has  yet  to  be  explored. 

Liu  and  Businger  (1975)  predicted  non-linear  temperature  profiles 
not  only  for  forced  convection  according  to  the  observations  of  Kline  et  al. 
(1967)  but  also  for  fi’ee  convection  fi:om  the  observations  of  Townsend  (1959) 
and  Spangenberg  and  Rowland  (1961).  Khundzhua  et  al.  (1977)  and 
Khundzhua  and  Andreyev  (1974)  verified  these  predictions  in  the  field  while 
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Katsaros  et  al.  (1977)  did  so  in  the  laboratory.  Regardless  of  whether  free  or 
forced  convection  dominates,  surface  renewal  due  to  either  timbulent 
bursting  ejecting  fluid  into  the  boundary  layer  or  the  instability  of  negatively 
buoyant  plumes  results  in  highly  non-linear  mean  temperature  profiles. 

Wave  breaking  also  disrupts  the  skin  layer.  Several  authors  have 
investigated,  or  observed,  the  effect  of  breaking  waves  on  the  infrared 
measurements.  The  stirring  technique  described  by  Ewing  and  McAlister 
(1960)  demonstrated  the  effect.  Using  a  pump  lowered  15  cm  beneath  the 
water  which  produced  a  jet  of  the  warmer  imderlying  water  directed 
towards  the  surface,  they  effectively  broke  the  skin  layer.  A  warm  infrared 
temperature  signatime  resulted  which  approximated  the  thermistor 
measured  bulk  water  near  the  pmnp.  When  the  pump  was  turned  off,  the 
cool  skin  layer  re-established  within  5  seconds.  They  also  reported  an 
inability  to  meastore  the  effects  from  less  substantial  disturbances.  Again, 
a  possible  threshold  may  exist  below  which  the  skin  layer  remains 
unbroken.  Ewing  and  McAlister  (1960)  also  made  measurements  of  actual 
breaking  waves  which  are  consistent  with  those  of  the  impinging  jet  upon 
the  surface.  Simultaneous  with  a  breaking  event,  they  observed  a  transient 
increase  in  the  infrared  smface  temperature.  Contrary  to  the  pump 
demonstration,  a  stronger,  more  enduring,  cool  signature  associated  with 
the  foam  of  a  breaking  wave  appeared.  The  complete  signature  proceeded 
for  roughly  12  seconds,  upon  which  the  cool  skin  layer  returned. 

Gasparovic  et  al.  (1974)  also  clearly  demonstrate  this  effect  from  field 
measurements  made  aboard  the  RA^  Cove.  Figure  2.17  graphically 
illustrates  the  spontaneous  momentary  spike  in  the  apparent  infrared 
temperature  (~  0.25  °C).  As  the  vessel  was  in  transit  during  the 
measurement,  the  cold  signature  accompanying  the  foam  due  to  breaking 
as  observed  by  Ewing  and  McAlister  (1960)  is  noticeably  absent  from  the 
record.  Simpson  and  Paulson  (1980),  using  a  radiometer  aboard  the  R/P 
FLIP,  propose  that  during  the  passage  of  varying  amplitude  waves, 
occasional  warm  temperature  spikes  of  0.3  °C  correspond  to  areas  where 
the  wave  action  has  thinned  and  even  destroyed  the  smface  skin.  The  wave 
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Figure  2.17  Apparent  temperature  increase  recorded  at  20°  incidence 

Euigle  when  a  surface  wave  broke  within  the  field-of-view  on 
the  night  of  August  16,  1973  (from  Gasparovic  et  al.,  1974). 
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behavior  discussed  involved  two  scenarios.  Specifically,  they  conjectured 
that  breaking  and  capillary  wave  enhancement  on  the  steeply  sloping  side 
of  the  shorter  period  gravity  waves  (0.4  Hz)  could  rupture  the  surface  layer. 
Likewise,  upwind  on  the  lee  side  of  the  dominant  swell  (0.06  Hz),  locally 
enhanced  wind  stress  could  thin  the  thermal  viscous  layer  either  directly  or 
through  the  generation  of  capillary  waves  (Witting,  1971). 

Witting  (1972)  discusses  the  possible  mechanisms  which  induce  the 
variation  in  temperature  difference  on  the  ocean  surface.  The  passage  of 
surface  waves  produces  a  straining  of  the  thermal  boundary  layer  resulting 
in  compression  and  thickening  of  the  sublayer  on  the  crest  while  expansion 
and  thinning  in  the  trough.  Assuming  a  uniform  conductive  heat  transfer 
across  the  interface.  Witting  calculated  measurable  fluctuations  in  skin 
temperature  for  sufficiently  small  wave  periods  (<  3  sec).  His  computations 
showed  that  sirnface  temperature  maximums  lead  the  wave  crests  by  1/8  of 
a  period  for  AT  >  0  and  minimums  similarly  lead  for  AT  <  0.  Miller  and 
Street  (1978)  performed  laboratory  experiments  with  mechanically 
generated  waves  propagating  in  the  same  direction  as  the  wind  speed, 
which  ranged  from  1  -  10  m/s,  and  measured  the  amplitudes  and  phases  of 
temperature  waves  for  negative  heat  flux.  The  amplitude  of  the 
temperature  wave  is  defined  as  AT,  =T„  -  T,  and  is  directly 

^  ^  ^max  ^min 

proportional  to  the  bulk-skin  temperature  difference,  AT.  In  agreement 
with  Witting's  (1972)  theory,  the  peak  of  the  temperatime  wave  occurred  on 
the  leeward  side  of  the  mechanical  wave  at  low  wind  speeds  (radiation 
dominating  the  heat  transfer).  However,  the  character  of  the  temper atme 
wave  is  strongly  dependent  upon  the  wind  speed.  For  moderate  to  high 
winds  (latent  and  sensible  heat  fluxes  dominant),  the  temperature  wave  is 
relatively  larger  with  its  trough  on  the  leeward  side.  Field  investigators 
have  suggested  that  at  wind  speeds  greater  than  10  m/s,  the  thermal 
boundary  layer  is  completely  eliminated  due  to  the  breaking  processes 
(Grassl,  1976;  Schluessel  et  al,  1990).  Grassl  suggests  that  because  "white 
capping"  dominates  above  10  m/s,  a  renewal  time  for  the  skin  layer  of  10 
seconds  reported  by  Clauss  et  al.  (1970)  is  inadequate  to  re-establish  the 
layer.  Schluessel  et  al.  (1990),  however,  acknowledge  the  fact  that  the  cool 
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skin  layer  does  recover  within  10  to  12  seconds  as  described  by  Ewing  and 
McAlister  (1960)  and  Clauss  et  al.  (1970). 

In  a  recent  article,  Jessup  (1993)  produced  a  2-D  mapping  of  the  sea 
surface  using  an  infrared  scanner  resulting  in  a  sequence  of  breaking 
wave  images  depicting  the  disruption  of  the  skin  layer  (apparent  maximum 
AT  ~  0.4  °C)  as  seen  in  Figure  2.18.  The  warm  patch  in  the  wake  of  the 
breaker  observed  during  8  m/s  winds  persists  for  only  1  second,  contrary  to 
the  previous  reports  of  10  to  12  second  skin  layer  recovery  times.  He  also 
reports,  from  comparing  daytime  infrared  breaking  wave  sequences  with 
video  images,  that  the  infrared  images  show  no  noticeable  decrease  in 
surface  temperature  from  the  effect  of  the  foam  as  seen  in  Figures  2.19a 
and  b.  The  actively  breaking  crest,  however,  produces  a  significant 
signature  both  during  the  day  and  at  night,  while  the  warm  turbulent  wake 
is  only  prevalent  at  night.  These  results  suggest  that  the  actively  breaking 
crest  actually  produces  an  apparent  change  in  the  measurement,  possibly 
due  to  reflections  from  different,  or  all,  parts  of  the  sky,  along  with  changes 
in  emissivity  caused  by  increased  surface  roughness.  These 
electromagnetic  properties  and  others  will  be  discussed  thoroughly  in  the 
ensuing  chapter. 

Jessup  (1993)  also  argues  that  the  discrepancy  between  his  recovery 
time  of  1  second,  as  opposed  to  10  to  12  seconds  reported  by  Ewing  and 
McAlister  (1960)  and  Clauss  et  al.  (1970),  suggests  that  the  skin  layer 
renewal  time  is  a  function  of  wind  speed.  Statistics  presented  by  Jessup  et 
al.  (1991)  showed  at  a  fixed  point  for  a  wind  speed  of  10  m/s,  breaking  crests 
occmred  10  to  20  %  of  the  time.  Assuming  an  intermission  of  several  wave 
periods  between  breakers,  the  skin  layer  would  have  plenty  of  time  to 
recover  even  for  a  renewal  time  of  10  to  12  seconds,  contrary  to  Grassl  s 
hypothesis.  The  measurement  by  Jessup  (1993)  of  1  second  recovery  times 
supports  the  conjecture  of  its  wind  speed  dependence  and  that  solely  the 
breaking  process  cannot  explain  the  skin  layer's  destruction.  The  subject  of 
skin  layer  recovery  is  crucial  to  the  premise  of  this  thesis. 
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Figure  2.18  Nighttime  sequence  of  infrared  images  of  a  breaking  wave 

under  moderate  wind  speed  of  8  m/s  and  large  swell  (SWH  4.0 
m)  showing  apparent  temperature  change  associated  with  the 
actively  breaking  crest.  Time  increases  left  to  right,  top  to 
bottom;  each  frame  is  approximately  10  m  by  10  m  with  a  time 
step  of  0.32  s  between  frames.  The  roughly  circular  patch  left 
behind  after  the  wave  breaks  is  interpreted  as  the  disruption  of 
skin  layer  due  to  the  turbulent  wake.  The  skin  layer  recovers 
in  1-2  s  (from  Jessup,  1993). 
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Figure  2.19a-b  Daytime  breaking  wave  snapshots  in  the  infrared  and 

visible  [(a)  and  (b)  separated  by  approximately  1.9  s]. 
Notice  the  clearly  denoted  crest  in  both  the  infrared  and 
visual  (a),  while  no  detectable  signature  of  the  foam 
exists  in  the  infrared  (b)  (from  Jessup,  1993). 


CHAPTERS 


Electromagnetic  Radiation 


3.1  Introduction 

Remote  sensing  of  the  ocean  is  the  interpretation  of  electromagnetic 
radiation.  Active  remote  sensors  (e.g.,  those  exploiting  microwave 
wavelengths)  incorporate  a  transmitter  which  strikes  a  target  with 
radiation  and  then  observes  the  reflected  signal.  On  the  contrary,  passive 
remote  sensing,  usually  associated  with  utilizing  infrared,  visible,  and 
microwave  wavelength  sensors,  relies  on  the  detection  of  naturally 
occurring  radiation.  Since  1865,  Maxwell’s  equations  of  the  unified  theory 
of  electricity  and  magnetism  have  been  used  to  predict  the  wave-like 
behavior  of  electromagnetic  radiation.  His  analysis  proved  that  the 
propagation  speed  of  light  in  free  space  is  related  purely  to  electric  and 
magnetic  quantities  by 

c  =  =  2.9979x10^  y,  (3.1) 

where  Eq  =  8.85  x  lO'^^  C^/N-m^  is  the  permittivity  constant  associated  with 
Coulomb's  law  and  fio  =  4nx  lO  "^  Tesla-m/ampere  is  the  permeability 
constant  associated  with  Ampere’s  law.  Although  referred  to  as  the  "speed 
of  light",  c  is  the  speed  of  electromagnetic  waves  in  general  no  matter  what 
their  wavelengths  or  frequencies.  In  addition,  radiation  traveling  in  free 
space  at  the  speed  of  fight  does  not  require  an  intervening  medium  for  its 
propagation  as  Maxwell’s  predecessors  believed.  His  prediction  led  to  the 
concept  of  the  electromagnetic  spectrum  shown  in  Figure  3.1  where  the 
nature  and  speed  of  all  the  waves  is  the  same,  differing  only  in  frequency 
(Vg),  and  therefore  wavelength  (A)  through  the  relation 
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Figure  3.1  Electromagnetic  wave  spectrum.  Infrared  radiation  ranges 
from  1  pm  to  100  pm  peaking  at  arotmd  10  pm  (from  Kreith, 
1962). 


Figin-e  3.2  Reflection  of  radiation  in  a  cavity  (from  Kreith,  1958). 
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Maxwell's  theory,  however,  could  not  explain  the  phenomenon  of 
hlackbody  radiation,  or  the  so-called  "cavity"  radiation  depicted  in  Figure 
3.2.  Max  Planck  provided  a  detailed  model  of  the  processes  taking  place  at 
the  cavity  walls.  He  conjectured  that  the  atoms  making  up  the  surface 
behave  like  tiny  electromagnetic  oscillators,  each  with  a  characteristic 
frequency  of  oscillation.  The  oscillators  emit  electromagnetic  energy  into 
the  cavity  and  absorb  energy  from  it.  Thus,  the  possibility  arose  to  deduce 
the  characteristics  of  the  cavity  radiation  from  those  of  the  oscillators  with 
which  it  is  in  equilibrium. 

Planck  assiimed  an  oscillator  can  only  have  energy  given  by 

E  =  nhv^  (3.3) 

where  Vg  is  referred  to  in  this  context  as  the  oscillator  frequency,  h  is 
Planck's  constant,  and  n  is  a  quantum  number.  This  assumption  asserts 
that  the  oscillator  energy  is  quantized.  Secondly,  oscillators  do  not  radiate 
energy  continuously,  but  only  in  "jumps",  or  quanta.  These  quanta  of 
energy  are  emitted  when  an  oscillator  changes  from  one  state  of  quantized 
energy  to  another.  Thus,  the  frequency  of  radiation,  Vg,  depends  entirely  on 
the  nature  of  the  source.  Although  Planck  had  quantized  the  source  of 
electromagnetic  radiation  as  discrete  energy  levels  which  can  be  explained 
through  probability  and  statistics,  he  still  treated  the  propagation  of 
radiation  as  an  electromagnetic  wave. 

A  few  years  later,  Einstein  declared  that  the  energy  in  a  light  beam 
travels  through  space  in  concentrated  bundles  or  particle-like  energy 
packets  called  photons.  The  energy  associated  with  a  single  photon  (n=l)  is 

E  =  hv,.  (3.4) 

Einstein's  hypothesis  suggests  that  electromagnetic  radiation  traveling 
through  space  behaves  like  a  particle  and  not  like  a  wave  at  all.  While 
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photons  emphasize  the  statistical  or  quantized  properties  of 
electromagnetic  radiation,  waves  adequately  describe  the  time-averaged 
effects  of  electromagnetic  radiation  for  the  purposes  of  our  discussion. 


Planck's  main  purpose  in  quantizing  electromagnetic  energy  was  to 
explain  the  phenomenon  of  blackbody  radiation.  Blackbodies  are  known  as 
ideal  thermal  radiators  whose  radiation  characteristics  are  completely 
identified  from  their  specified  temperature.  Planck's  radiation  law 
describes  the  spectral  exitance  of  thermal  emission  from  a  body  at 
temperature,  T,  in  °K  as 


(3.5) 


where  A  is  in  micrometers  (|im).  Planck  defined  the  empirical  constants 

Cl  =  2m^h  and  C2  =  (3-6) 

where  hh  is  Boltzmann's  constant.  By  inserting  the  experimental  values  for 
Cl  and  C2,  Planck  foimd  h  =  6.626  x  lO’^^  W-s^  and  kh  =  1.38  x  10'23  J/°K. 
Commonly,  Ci  and  C2  are  written  as 

Cl  =  3.7418  X  108  W-pn4/m2  (3.7a) 

and 

C2  =  1.4387  X  104  pin-°K  (3.7h) 

allowing  Mbi  to  have  units  of  W/m2-pm.  Thus  the  spectral  exitance  (also 
known  as  the  emittance),  Mh;t,  is  the  radiant  flux  density  of  electromagnetic 
radiation  per  imit  bandwidth  centered  at  A  leaving  a  umt  sxirface  area  for  a 
given  temperature. 
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Previous  to  Planck,  Wien  had  attempted  to  predict  the  behavior  of  the 
blackbody  radiation  over  the  entire  spectral  range.  Wien's  expression  turns 
out  to  be  an  important  limiting  case  of  Planck's  law.  Wien's  Law  occurs 
when  the  term  C^/  AT  in  the  denominator  of  (3.5)  is  quite  large.  Thus,  the 
term  exp(C2l  ^T)  is  much  greater  than  unity  and  leads  to  the 
approximation 


(3.8) 


in  the  limit  C2  »  AT.  Therefore,  Planck's  law  of  (3.5)  reduces  to  Wien's 
radiation  law 

=  — (3.9) 
A^e 


Figure  3.3a  illustrates  the  spectral  emittance  as  a  function  of  wavelength 
for  two  temperatures  encompassing  the  possible  range  on  the  sea  surface 
along  with  curves  acquired  from  Wien's  approximation.  For  these  typical 
conditions  under  which  the  ocean  heat  flux  is  measured,  Wien's 
approximation  agrees  nicely  for  shorter  wavelengths  but  deviates  from 
Planck's  curve  for  wavelengths  greater  than  the  spectral  peak  as  portrayed 
in  Figures  3.3a  and  3.3b.  The  diversions  may  be  less  than  10  %  for  the 
emittance  according  to  Figure  3.3b,  but  increase  with  temperature.  Even 
minuscule  diversions  in  emittance  have  a  marked  effect  on  the 
temperature  deviations,  as  we  will  see  later  in  Section  3.3. 

Finally,  integrating  (3.5)  over  all  the  wavelengths  calculates  the  total 
power  per  unit  area  emitted  from  a  blackbody 


Mi,(T)  = 


(3.10) 


49 


the  ocean. 


Figure  3.3b  Deviation  from  Planck’s  blackbody  radiation  law  according  to 
Wien's  approximation. 
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The  integration  is  simplified  by  switching  to  the  frequency  domain  as 
outlined  in  Maul  (1985)  and  results  in  the  expression  for  the  total  radiant 
exitance  known  as  the  Stefan-Boltzmann  law 


Mk(T)= 


2n^kk 

15c^h^ 


(3.11) 


where  Gb  =  5.6696  x  lO'^  W/m2-°K4  is  the  Stefan-Boltzmann  constant.  The 
total  radiant  emittance  is  seen  to  be  dependent  only  on  the  fourth  power  of 
absolute  temperature. 

In  order  to  provide  some  consistency  in  further  discussions,  Table  3.1 
displays  relevant  electromagnetic  radiation  terminology.  An  intrinsic 
point  to  this  discussion  involves  clarification  between  radiance  and  flux 
density.  Flux  density  refers  to  the  time  rate  of  energy  per  unit  area  while 
radiance  refers  to  the  flux  density  per  solid  angle.  In  order  to  understand 
the  concept  of  solid  angle,  picture  a  sphere.  Within  the  sphere  a  cone  exists 
with  its  apex  at  the  center  of  the  sphere.  The  cone  intersects  the  surface  of 
the  sphere  outlining  a  curvilinear  surface  area.  The  solid  angle,  Q,  is 
measured  in  steradians  (abbreviated  sr)  and  defined  as 


where  Ag  is  surface  area  outlined  by  the  cone  on  the  shell  of  the  sphere  and 
rd  is  radial  distance  from  the  center  to  the  shell  of  the  sphere.  Likewise,  for 
an  infinitesimal  solid  angle. 


where 
resulting  in 


dQ  = 


dAg  =  sin  6d6d^ 


(3.13) 

(3.14) 


Table  3.1  Terminology  used  in 


Name 

Definition 

Energy 

E 

Radiant 

Energy 

Flux 

4> 

Time  Rate 
of  Energy 

Flux 

Density 

Flux  Per 
Unit  Area 

Exitance 

M 

Exitent 

Flux 

Density 

Irradiance 

I 

Incident 

Flux 

Density 

Radiance 

R 

Flux 
Density 
Per  Solid 
Angle 

ic  radiation. 


mil 

Units 

Alternates 

Joule  [J] 

dE 

dt 

Watt[W] 

Power 

d0 

dA 

W/ 

/m2 

30 

dA 

/  m 

Emittance 

dA 

/  m 

Incidence 

d^0 

W  2 

/  sr  •  m 

Sterance, 

Brightness 

cos  6dQdA 
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dQ  =  sin  dddd(l> 


(3.15) 


for  the  spherical  geometry  defining  the  solid  angle  in  Figure  3.4. 


Radiance  is  outgoing  radiation  while  brightness  is  incoming 
radiation.  Both  are  defined  as  the  flux  per  solid  angle  per  area  from  an 
extended  source  projected  in  the  direction  of  the  radiation  as  shown  in 
Figure  3.5.  Considering  a  small  surface  area  dA  oriented  as  in  Figure  3.5, 
the  projected  area  is  dAcosQ  and  the  radiance  or  brightness  is  defined  as 


R  = 


d^0 

cos  ddOdA 


(3.16) 


Although  the  relation  is  derived  for  black  surfaces,  it  holds  for  other 
surfaces  as  long  as  they  are  diffuse  radiators.  Specifically,  a  surface  which 
reflects  radiation  from  any  direction  uniformly  and  diffusely  into  a 
hemisphere  is  known  as  a  Lambertian  surface.  The  subsequent  analysis 
assumes  the  surface  is  Lambertian.  The  irradiance,  7,  is  the  total  radiant 
power  falling  onto  an  infinitesimal  surface  area,  dA,  from  all  directions  in 
a  hemisphere  oriented  perpendicular  to  dA.  The  exitance,  M,  is  the  total 
radiant  power  emitted  by  an  infinitesimal  element  of  surface  area  into  a 
hemisphere  and  written  simply  as 


(3.17) 


Integrating  the  radiance  given  in  (3.16)  over  the  solid  angle,  we  arrive  at 
the  expression 


dd> 

dA 


J  R  cos  ddQ . 

Q 


(3.18) 


Combining  (3.17)  with  (3.18),  and  substituting  (3.15)  for  the  infinitesimal 
solid  angle  yields 
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Fig\are  3.4  Geometry  defining  the  solid  angle,  Q,  the  steradian  (from 
Maul,  1985). 


Z 


Figure  3.5  The  radiance,  R,  is  the  exitent  radiant  flux  per  solid  angle  dQ 
per  area  projected  onto  the  surface,  dAcosd  (from  Stewart, 
1985). 
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27:  71(2 

M  =  R^d<p  |sm  9 cos 6d9 
0  0 

(3.19) 

M  =  TtR 


The  relationship  in  (3.19)  holds  for  irradiance  of  a  blackbody  as  well.  Thus, 
the  emittance  of  a  diffuse  surface  is  t:  times  its  radiance. 

3.3  General  Radiation  Properties 

All  bodies  emit  electromagnetic  radiation  known  as  thermal 
radiation  as  a  result  of  their  temperature.  When  radiant  energy  impinges 
on  the  surface  of  a  body,  part  is  reflected,  part  is  absorbed,  and  part  is 
transmitted  as  shown  in  Figure  3.6.  The  incident  flux  density  of  energy,  I, 
is  known  as  the  irradiance.  According  to  the  law  of  conservation  of  energy, 

a  +  r+tg  =  l  (3.20) 

where 

a  =  absorptivity  (  fraction  of  irradiance  absorbed) 
r  =  reflectivity  (  fraction  of  irradiance  reflected) 

Tg  =  transmissivity  ( fraction  of  irradiance  transmitted) 

The  relative  magnitudes  of  a,  r,  and  Tg  not  only  depend  on  the  temperature, 
surface  characteristics,  and  material  but  also  vary  with  wavelength  and 
incidence  angle,  9.  Depending  upon  the  context,  incidence  angle  refers  to 
the  angle  measured  from  the  perpendicular  of  a  surface  to  either  a  ray  of 
radiation  or  a  line  of  sight.  Most  liquids  are  optically  opaque  and  the  ocean 
is  no  exception.  Because  no  radiation  is  transmitted  out  the  bottom  of  the 
ocean  (Stewart,  1985),  the  transmissivity  is  effectively  zero  and  (3.20) 
becomes 


a()i,T,9)  +  r(?i,T,9)  =  l 


(3.21) 
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Figure  3.6  Reflection,  absorption,  and  transmission  of  radiation  (from 
Kreith,  1958). 
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Figure  3.7  (a)  Specular  (Oi  =  62)  and  (b)  diffuse  reflection  (from  Holman, 

1990). 
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where  the  functional  relationships  are  indicated. 

Two  types  of  reflection  may  occur  when  radiation  strikes  a  surface  as 
shown  in  Figure  3.7.  When  a  simface  is  highly  polished  and  smooth,  the 
angle  of  reflection  equals  the  angle  of  incidence,  and  the  reflection  of 
radiation  is  termed  specular.  A  rough  surface,  however,  will 
indiscriminately  reflect  the  radiation  isotropically  in  all  directions  and  the 
radiation  is  termed  diffuse.  No  real  surface  is  either  specular  or  diffuse. 
For  example,  a  mirror  is  quite  specular  for  visible  light  but  may  exhibit 
diffuse  characteristics  over  the  wavelength  range  of  thermal  radiation. 

The  influence  of  surface  roughness  on  thermal  radiation  properties  is  a 
matter  of  serious  concern  and  should  be  acknowledged. 

Previously  in  Section  3.2,  we  mentioned  that  blackbodies  are  referred 
to  as  perfect  emitters.  However,  a  blackbody  can  be  defined  either  as  a  body 
which  absorbs  all  incident  radiation  upon  it  or  as  a  radiator  which  emits 
the  maximum  possible  level  of  thermal  radiation  at  all  wavelengths.  To 
clarify  the  concept  of  a  blackbody,  consider  the  following  experiment. 
Suppose  a  small  body  Bi  of  surface  area  Ai  is  placed  in  an  evacuated 
enclosure  which  is  perfectly  insulated.  Radiation  will  be  exchanged 
between  the  body  and  the  walls  of  the  enclosure  until  equilibrium  is 
attained  where  both  the  body  and  the  walls  have  reached  the  same 
temperature.  Hence,  the  rate  at  which  the  body  emits  radiation  must  equal 
the  rate  at  which  it  absorbs  radiation.  Given  the  irradiance  of  the  walls,  /, 
the  absorptivity,  ai,  and  the  emittance  of  the  body,  M^,  an  energy  balance 
yields 


AjIaj^AjMj;,.  (3.22) 

Repeating  the  experiment  for  any  body,  including  a  blackbody,  we  arrive  at 
relations  similar  to  (3.22)  from  which 
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_  ^ix  _  ^2X  _  (3.23) 

a  aj  a2 

where  Mx  is  the  spectral  emittance  of  any  body. 

The  relation  of  (3.23)  known  as  KirchhofT s  law  states  that  at  thermal 
equilibrium  the  ratio  of  the  spectral  exitance  of  a  surface  to  its  absorptivity 
is  the  same  for  all  bodies.  According  to  (3.21),  the  absorptivity  of  any  body  is 
limited  to  values  between  0  and  1.  KirchhofFs  law  places  an  upper  limit  on 
the  maximum  exitance  of  a  body,  Mbx,  when 

a()i,T,e)  =  ab(X,T,e)  =  1  (3.24) 

a  condition  precisely  applicable  to  a  blackbody.  The  emittance  of  real 
surfaces,  however,  is  less  than  that  of  an  ideal  blackbody,  resrdting  in  a 
ratio  of  the  actual  exitance  of  a  surface  to  that  of  a  blackbody  known  as  the 
emissivity 


e()i,T,e) 


Mx(?i,T) 

Mbx(^,T) 


(3.25) 


of  a  body.  While  the  emissivity  of  most  real  surfaces  is  wavelength 
dependent,  a  body  whose  emissivity  is  independent  of  wavelength  is  defined 
as  a  graybody.  Figure  3.8  demonstrates  the  comparison  of  blackbody, 
graybody  and  actual  ocean  emissivity  effects  on  the  measured  exitance  from 
a  surface  at  285  °K. 


Substituting  the  upper  Hmit  of  absorptivity  given  by  (3.24)  into  (3.23), 


a(X,T,d) 


Mx(l,T) 

Mbx(^,T) 


(3.26) 


also.  Restating  Kirchhofifs  law  by  equating  (3.25)  and  (3.26) 
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Figure  3.8  Spectral  emittance  for  a  blackbody,  graybody,  and  real  surface 
at  a  temperature  of  285  °K  (~  12°C). 
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a(?i,T,e)  =  e(X,T,d)  (3.27) 

shows  that  dviring  thermod5niainic  equilibrium,  the  absorptivity  and 
emissivity  of  a  body  are  equal.  Substituting  (3.27)  into  (3.21) 

e(X,T,e)  +  r(X,T,e)  =  l  (3.28) 

is  attained.  Unless  the  reflectivity,  r,  is  zero  (i.e.  e  =  1),  the  temperatme 
associated  with  Mx  is  called  the  apparent  or  brightness  temperature.  To,  at 
that  wavelength.  Brightness  temperature  is  defined  as  the  temperature  of 
a  blackbody  required  to  produce  the  same  spectral  exitance  as  a  real  body  at 
a  specific  wavelength.  If  Mx  is  measured  and  the  emissivity  known,  the 
true  temperature  of  the  real  body  can  be  extracted  using  (3.25)  and  (3.5). 
Figure  3.9  demonstrates  the  significance  of  minute  variations  in  emissivity 
upon  the  apparent  temperature  of  a  body  with  an  actual  temperature  of  15 
°C. 


The  concept  of  emissivity  is  crucial  to  the  imderstanding  of  thermal 
radiation  and  to  the  dilemma  Planck  and  his  contemporaries 
encountered.  At  a  given  temperature  the  exitance  out  of  the  hole  of  a 
cavity,  as  shown  in  Figure  3.2,  is  identical  for  all  materials,  despite  the 
fact  that  the  emittance  of  the  outer  surface  is  different  fi'om  that  of  the 
cavity  and  the  emittance  is  different  for  each  of  the  respective  materials. 
Most  materials  possess  emissivities  less  than  unity  allowing  for  the 
reflectivity  to  be  non- zero  according  to  (3.28).  The  outer  surface  of  a  cavity 
is  subject  to  only  one  reflection  and  therefore  emits  less  than  that  of  a 
blackbody.  Conversely,  any  radiation  entering  the  small  hole  of  the  cavity 
will  be  partly  absorbed  and  partly  reflected  repeatedly.  When  the  original 
radiation  finally  reaches  the  hole  again  and  escapes,  the  reflected  energy 
leaving  the  cavity  is  negligible  due  to  deterioration  by  successive 
absorption  and  reflection  cycles.  Regardless  of  the  surface  or  composition 
of  the  walls,  the  cavity  acts  as  a  blackbody  because  nearly  aU  the  radiation 
incident  upon  it  has  been  absorbed.  Consequently,  the  emitted  radiation 
back  through  the  hole  will  be  that  of  a  blackbody  according  to 


eo 


Emissivity 


Figiire  3.9  Effect  of  emissivity  upon  measured  apparent  temperature. 
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(3.27)  which  states  the  emissivity  of  the  inner  cavity  walls  is  equivalent  to 
the  absorption  which  has  grown  to  unity. 

3.4  Characteristic  Environmental  Behavior  of  Radiation 

If  the  primary  advantage  of  satellite  remote  sensing  is  the  non- 
intrusive  mapping  of  the  sea  surface,  then  the  major  disadvantage  is  the 
existence  of  the  atmosphere  masking  the  view  of  the  ocean.  The 
atmosphere  is  opaque  to  electromagnetic  radiation  at  many  wavelengths 
and  only  a  few  windows  exist  through  which  radiation  may  he  transmitted, 
as  shown  in  Figure  3.10.  Air  molecules,  water  vapor,  and  other  aerosols 
can  ahsorh  or  scatter  most  radiation  passing  through  them,  while  water 
droplets  in  clouds  may  completely  change  the  transmission  properties  of 
the  atmosphere.  Although  the  atmosphere  may  change  with  time  and 
location,  causing  variation  in  absorption,  the  overall  qualitative 
characteristics  of  the  absorption  spectrum  remain.  Earlier,  we  noted  that 
the  peak  of  the  spectral  emittance  for  temperatures  between  5  and  27  °C  is 
around  10  |im.  Fortuitously,  the  transmission  of  the  atmosphere  is  very 
high  within  the  wavelength  band  of  8  -  12  |jm  due  to  the  low  absorptance  of 
ozone,  carbon  dioxide,  and  water  vapor.  As  shown  in  Figure  3.11,  the  8  -  12 
pm  range  provides  a  prime  region,  or  window,  in  the  electromagnetic 
spectrum  for  observing  the  sea  surface  except  for  the  9  pm  band  of  high 
absorption  from  ozone. 

In  the  Section  3.3,  we  initiated  the  discussion  of  emissivity  and  its 
strong  dependence  on  wavelength  and  viewing  angle.  In  reality,  the 
reflectivity  of  a  surface  is  directly  dependent  on  wavelength  and  viewing 
angle,  and  upon  substitution  into  (3.28),  the  emissivity  is  obtained.  Usually, 
the  well-known  Fresnel  equations  (Maul,  1985)  are  used  to  calculate  the 
reflectance  of  an  air-water  interface.  The  basis  of  the  Fresnel  equations 
depends  on  the  incidence  angle  and  on  the  complex  index  of  refraction 


N(  X)  =  n(X)  +  ink(  X) 


(3.29) 


TRANSMITTANCE 
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Figure  3.10  Approximate  transmittance  of  electromagnetic  waves  through 
the  atmosphere  (from  Robinson,  1985). 


wavelength  (^m) 

Figure  3.11  Upper  curves:  Transmission  spectra  of  the  three  principal 

absorbing  atmospheric  gases  (ozone,  carbon  dioxide,  and  water 
vapor)  and  the  whole  atmosphere  at  vertical  incidence  for 
infrared  wavelengths. 

Lower  curve:  Thermal  radiation  according  to  Planck's 

law  for  the  temperature  range  of  275  °K  to  300  °K  peaks  between 
10  and  11  |im  (from  Katsaros,  1980b). 
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where  the  real  part  n  is  the  index  of  refraction  and  imaginary  part  Uk  is  the 
extinction  coefficient.  Nmnerous  authors  including  Friedman  (1969), 
Hobson  and  Williams  (1971),  and  Downing  and  Williams  (1975)  have 
performed  in-depth  studies  of  the  properties  of  pure  and  sea  water  and 
painstakingly  found  the  values  for  the  index  of  refraction  and  extinction 
coefficient,  where  traditional  values  are  depicted  in  Figure  3.12.  At  nadir 
incidence  (0  =  0°),  the  calculated  reflectivity  of  pure  water  is  displayed  as  a 
function  of  wavelength  in  Figure  3.13  according  to  the  Fresnel  equations. 
According  to  (3.28),  the  emissivity  as  a  function  of  wavelength  is  found 
directly  from  the  reflectivity  curve.  In  the  infrared  wavelength  range  of  1  - 
16  pm,  the  emissivity  of  pure  water  observed  from  nadir  is  always  greater 
than  0.95  as  seen  in  Figure  3.14.  Paulson  and  Simpson  (1981)  concluded 
that  the  emissivity  of  water  in  the  wavelength  band  of  8  - 15  pm  is  e  =  0.986 
which  matched  the  direct  measurement  of  Saimders  (1970). 

Reflectivity  is  also  a  strong  function  of  incidence  angle.  Using  the 
complete  expressions  of  reflectivity  for  a  complex  index  of  refraction.  Figure 
3.15  displays  the  reflectivity  at  two  specific  wavelengths  as  a  function  of 
incidence  angle.  Notice  the  sharp  increase  in  reflectivity  at  incidence 
angles  greater  than  the  Brewster's  angle  of  53°.  Brewster's  angle  is  defined 
as  the  incidence  angle  at  which  no  vertically  polarized  electromagnetic 
radiation  is  reflected,  and  varies  slightly  from  wavelength  to  wavelength. 

As  the  reflectivity  increases  with  incidence  angle,  the  emissivity  decreases 
resulting  in  less  emission  from  the  actual  body  being  measured.  A 
complete  pictme  of  the  reflectivity  as  functions  of  both  wavelength  and 
incidence  angle  is  vividly  portrayed  in  Figure  3.16  for  the  infrared 
wavelength  region.  As  we  will  see,  background  radiation  will  be  an 
important  factor  in  deciphering  the  actual  temperature  of  a  real  surface. 

The  reflectance  curves  are  highlighted  by  the  interesting  abrupt 
changes  transpiring  at  3,  6,  and  14  pm.  Hobson  and  Williams  (1971)  report 
that  strong  absorption  bands  occur  at  2.9,  6.1,  and  14.6  pm  and  could  be 
related  to  these  sharp  variations.  The  absorption  coefficient  (technically 


Complex  Index  of  Refraction 
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Figure  3.12  Traditional  values  of  complex  index  of  refraction  (data  from 

Downing  and  Williams,  1975)  from  2  to  1000  pm  in  wavelength. 
Temperature  effects  are  small  at  visible  and  infrared 
wavelengths  except  for  beyond  10  pm  where  temperature 
becomes  an  important  variable. 


Wavelength  (jini) 


Figure  3.14  Emissivity  of  pure  water  for  the  infrared  wavelength  range  at 
normal  incidence  angle. 
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Figure  3.15  Spectral  reflectivity  and  emissivity  of  water  as  a  function  of 
incidence  angle  (from  Gasparovic  et  al.,  1974). 


Figure  3.16  Reflectivity  of  water  as  a  function  of  wavelength  and  incidence 
angle  (from  Katsaros,  1980b). 
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different  from  absorptivity)  is  related  to  the  extinction  coefficient  (also  the 
absorption  index)  through 

=  ®.30) 

A 

The  absorption  coefficient  displayed  in  Figure  3.17  as  a  function  of 
wavelength  corresponds  directly  to  the  reflectivity  illustrated  in  Figure  3.13. 
The  characteristic  reflectance  feature  associated  with  each  of  the  major 
absorption  bands  provides  the  reader  with  substantiation  of  the  physical 
significance  of  (3.21).  Any  variation  in  reflectivity  results  in  a 
covmteraction  by  the  absorption. 

Another  physical  interpretation  of  the  absorption  coefficient  emerges 
from  the  discussion  of  the  effective  optical  depth  into  a  mediiim.  Two 
explanations  arise  depending  on  the  wave  or  particle  perspective  of 
radiation.  In  the  wave  sense,  the  amplitude  of  the  electric  field  vector  is 
damped  by  1/e  as  the  energy  propagates  a  distance  deo  into  the  attenuating 
medium.  In  a  particle  sense,  the  probability  of  a  photon  passing  through  a 
non-dimensional  distance  Ucdeo  in  a  volume  of  umt  thickness  is  also  1/e. 

Thus,  the  distance 


is  termed  the  e-folding,  or  effective  optical,  depth.  In  the  infrared  range  of 
wavelengths,  the  optical  depth  varies  significantly  and  is  plotted  in  Figure 
3.18.  McAlister  (1964),  McAlister  and  McLeish  (1965),  and  McAlister  and 
McLeish  (1970)  have  capitalized  on  the  optical  depth  variability  and  patented 
several  two-wavelength  radiometers  to  measure  directly  the  temperature 
gradient  in  the  upper  millimeter  of  the  ocean. 


Optical  Depth  (mm)  ^  Absorption  Coefficient  (cm'b 
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Numerous  processes  of  interaction  can  take  place  between  the 
intended  source  of  electromagnetic  radiation  and  the  infrared  sensor. 

Most  importantly,  radiation  leaving  the  sea  surface  and  reaching  the 
sensor  directly  provides  a  measure  of  the  temperature  from  the  depths  of 
about  10  |im  or  less.  En  route  to  the  sensor,  radiation  leaving  the  ocean 
stirface  may  be  absorbed  or  scattered  out  of  the  field  of  view  of  the  sensor  by 
the  atmosphere.  Likewise,  the  atmosphere  is  capable  of  redirecting 
radiation  into  the  field  of  view  from  the  sea  surface  and  elsewhere  while 
also  re-emitting  the  radiation  previously  absorbed  by  the  atmosphere 
constituents.  Relevant  to  thermal  infrared  emission,  any  radiation  that  the 
generally  cool  atmosphere  absorbs  by  its  constituent  matter  is  re-emitted  at 
a  lower  temperature  with  a  consequent  shift  in  the  spectral  peak  to  longer 
wavelengths.  Thus,  the  atmosphere  reduces  the  radiation  reaching  the 
sensor  and  reduces  the  apparent  surface  temperature. 

When  converting  the  measured  infrared  radiance  to  surface 
temperature,  deviations  from  unity  of  the  emissivity  of  water  amplify  in 
importance.  Since  reflectivity  and  emissivity  are  functions  of  incidence 
angle,  one  must  consider  the  observing  angle  and  surface  disturbances 
such  as  waves  or  roughness.  Including  the  considerations  of  the  reflected 
signal,  the  observed  flux  density  depicted  in  Figure  3.19  is 

X2 

K).(To)=  lEjX,e)Mti(l,T,)dK 

Xi 

+  \{l-lJX.ej\M,i(X,T,)3X  (3.32) 

Xi 

+  atmospheric  effects 

where  MqX  is  the  observed  exitance  and  Mri  is  the  backgrormd  radiation 
reflected  into  the  sensor.  The  brightness  temperature.  To,  refers  to  the 
temperature  of  the  observed  body  if  reflection  effects  were  ignored,  while  Tg 
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Figure  3.19  Illustration  of  the  three  sources  of  the  flux  density  received  by  a 
downward  looking  infrared  radiometer  over  the  ocean. 
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and  Tr  correspond  to  the  actual  sea  surface  and  effective  background 
temperatures.  The  emissivity  of  water,  is  averaged  for  the  entire  field 

of  view  over  the  local  incident  angles  made  with  a  smface,  especially  with  a 
wavy  one.  The  wavelengths  Aj  and  A2  indicate  the  waveband  sensed  by  the 
observer.  If  the  observer  is  less  than  300  m  above  the  emitting  surface, 
atmospheric  emission,  absorption,  and  scattering  are  insignificant 
(Katsaros,  1980b)  except  for  those  effects  upon  the  backgroimd  radiation 
reflected  into  the  sensor. 

Background  radiation  provides  the  most  difficult  problem  when 
measuring  the  spectral  exitance  of  the  ocean  or  any  surface.  Any  deviation 
from  xmity  in  the  emissivity  can  corrupt  the  observed  exitance  signal  with 
reflected  backgroimd  radiation.  An  obvious  producer  of  backgroimd 
radiation  is  the  sun.  The  sun  emits  radiation  at  shorter  wavelengths 
(peaking  in  the  visible)  compared  with  the  thermal  emission  of  the  earth 
and  ocean  (peaking  aroimd  10  pm)  which  is  at  a  much  lower  temperature 
as  shown  in  Figure  3.20.  Apparently,  even  at  the  wavelength  of  the  sea- 
surface  emission  peak,  the  direct  solar  radiation  (T  «  5900  °K)  would  be 
substantially  greater  than  the  earth's  radiation  (T  «  300  °K).  At  night  this 
is  not  a  problem,  while  during  the  day  the  reflected  solar  radiation  would 
appear  to  become  pertinent.  However,  taking  into  account  the  solid  angle, 
or  steradian,  between  the  earth  and  the  sun,  the  blackbody  irradiance 
depicted  in  Figure  3.20  diminishes.  The  sun,  with  a  mean  radius  of  695 
Mm,  radiates  closely  to  a  blackbody  at  a  mean  distance,  rj,  of  149.7  Gm 
from  the  earth.  According  to  (3.12),  the  solid  angle,  £2,  is  now  6.771  x  lO'^  sr 
taking  the  area,  Ag,  to  be  approximated  by  n  times  the  mean  radius  of  the 
sun  squared.  Thus,  multiplying  the  brightness  by  the  solid  angle  results  in 
the  spectral  solar  irradiance  depicted  in  Figures  3.20  and  3.21  which  is 
much  less  than  anticipated  (Stewart,  1985).  Near  10  -  12  pm,  the  thermal 
emission  by  the  sea  surface  turns  out  to  be  substantially  greater  than  the 
reflected  solar  radiation,  whereas  at  3  -  4  pm  the  surface  exitance  might  be 
seriously  masked  by  the  reflected  solar  irradiance  (Robinson,  1985). 
Saunders  (1967b)  considered  the  effect  of  reflection  of  direct  solar  radiation 
on  measurements  made  in  the  8-12  pm  range  by  a  radiation  thermometer 
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Figure  3.20  Spectral  irradiance  of  the  sun,  both  corrected  and  uncorrected 
for  the  steradian,  along  with  the  spectral  emittance  of  the 
earth. 
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Figure  3.21  Spectral  irradiance  of  direct  simlight  before  and  after  it  passes 
through  a  clear  atmosphere,  together  with  the  blackbody 
radiation  curve  of  the  sim  (5900  °K)  accounting  for  the 
steradian.  The  number  of  standard  atmospheric  masses  is 
designated  by  m.  Thus,  m  =  2  is  apphcable  for  sunhght  when 
the  sun  is  30°  above  the  horizon  (firom  Stewart,  1985) 
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directed  normal  to  the  surface.  As  waves  spread  the  image  of  the  sun  over 
a  large  glittering  area,  the  effect  depends  on  the  surface  roughness 
described  by  the  root  mean  square  slope,  Cr-  He  showed  that  for  solar 
elevations  greater  than  80°  (measured  from  the  horizon),  reflected  solar 
radiation  could  cause  an  apparent  temperature  increase  of  up  to  0.15  °C 
under  calm  conditions  (o>  =  0.1).  For  solar  elevations  less  than  60°,  the 
apparent  temperature  increase  diminishes  to  0.01  °C  or  less  regardless  of 
sea  condition. 

Reflection  of  the  sun's  irradiance  has  been  shown  to  have  minimal 
significance  even  at  high  elevation  angles.  The  rest  of  the  sky,  including 
clouds,  poses  a  more  complicated  difficulty.  By  definition,  the  window 
region  discussed  earlier  between  8  and  12pm  has  low  absorption  due  to  its 
high  transmissivity.  Therefore,  the  spectral  exitance  of  a  clear  sky  is 
generally  low  because  it  is  a  poor  emitter.  Nevertheless,  for  very  long  path 
lengths  through  the  atmosphere  encountered  when  viewing  the  horizon, 
the  atmosphere  becomes  a  good  absorber  even  in  this  window  and 
approaches  blackbody  characteristics  at  air  temperature.  Under  a  clear 
sky,  the  exitance  of  a  calm  sea  is  maximum  at  normal  incidence  angle 
where  the  reflectivity  is  a  minimum.  As  the  incidence  angle  increases,  the 
observed  radiance  decreases  because  the  exitance  of  the  ocean  surface  eM^i 
decreases  faster  than  the  reflected  irradiance  (l-e)MrX  increases. 
Approaching  the  horizon,  however,  the  reflected  sky  emission  increases 
rapidly  counteracting  the  sharp  decrease  in  ocean  surface  exitance. 
Saimders  (1968)  illustrates  these  characteristics  in  Figure  3.22. 

Clouds  typically  have  greater  emittance  than  a  clear  sky  due  to  their 
higher  concentration  of  water  vapor,  a  good  absorber.  Hence,  the  increase 
in  background  radiation  from  the  clouds  may  cause  a  distorted  measured 
exitance  as  depicted  in  Figure  3.22  also.  Peacock  et  al.  (1981)  and 
Gasparovic  et  al.  (1982)  provided  a  graphic  example  of  cloud  reflection. 
Figure  3.23  exhibits  a  scanned  gray-scale  thermal  image  of  6  nautical  miles 
of  sea  surface  taken  from  an  aircraft  with  the  large  variations  of  reflection 
due  to  incidence  angle  removed.  The  light  areas  (warmer  than  darker 
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Figure  3.22  T5rpical  distributions  of  the  radiance  of  a  calm  sea,  Rsea,  and  of 
a  cloudless  sky,  Rsky,  in  the  region  of  8.2  -  12.5  |im.  Rb  is  the 
radiance  of  a  blackbody  having  the  same  temperature  of  15  °C 
as  that  of  the  ocean  (from  Saunders,  1968). 


Figure  3.23  Reflected  cloud  image  (from  Gasparovic  et  al,  1982).  Clouds 
are  visible  by  direct  obseiv^ation  of  the  overhead  sky  and  by 
reflection  from  the  ocean  surface.  The  trace  in  the  bottom 
figure  shows  the  variation  recorded  along  the  -45°  scan  angle 
line  through  the  sea  surface  temperature  image. 
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areas)  in  the  sea  surface  thermal  image  correspond  directly  to  the 
reflections  of  the  clouds  in  the  overhead  sky.  The  bottom  trace  is  a  slice 
from  the  thermal  image  at  -45°  where  cloud  reflections  contribute  distinct 
changes  in  apparent  temperature  of  0.15  -  0.30  °C.  Gasparovic  et  al.  (1974) 
also  clearly  demonstrate  this  effect  from  field  measurements  made  aboard 
the  RA^  Cove.  Figure  3.24  shows  nighttime  plots  of  3.8  pm  sky  and  ocean 
radiometer  signals.  The  first  twelve  minutes  depict  a  clear  sky  while  the 
sudden  spike  around  16  minutes  indicates  the  passage  of  a  single  cloud 
causing  a  large  change  in  the  apparent  ocean  temperature  due  to  the 
reflected  image. 

Assuming  the  ocean  is  flat,  the  measured  cloud  emittance  combined 
with  the  water  reflectivity  results  in  an  expected  cloud  reflection  on  the 
ocean  surface  which  is  compared  with  the  measurements  in  Figure  3.25. 
The  difference  between  the  computed  and  measured  results  arises  from  the 
effects  of  surface  waves,  i.e.  roughness,  which  tend  to  spread  the  image 
over  a  larger  spatial  extent  and  to  reduce  the  intensity  at  the  center.  This 
might  explain  the  blurring  of  the  cloud  reflections  in  Figure  3.23.  Saunders 
(1968)  provided  an  explanation  for  the  roughness  effect  of  the  ocean  on 
exitance  by  duplicating  the  sun-glitter  analysis  performed  by  Cox  and 
Munk  (1954).  Specifically,  the  emittance  of  the  surface  increases  with 
roughness  at  oblique  angles  of  incidence  {6  >  50°)  while  for  6  <  50°  the 
exitance  is  independent  of  roughness  as  shown  in  Figure  3.26.  More 
interestingly,  he  identifies  a  phenomenon  called  the  "infrared  horizon"  or 
the  "horizon  contrast".  Close  to  the  horizon  {6=  85°  to  90°),  the  svuface 
exitance  continues  to  decrease  for  a  given  roughness  whereas  the  calm 
surface  depicted  in  Figure  3.22  and  redrawn  in  Figure  3.26  approaches  the 
measured  sky  emittance.  For  a  rough  sea,  the  siirface  appears  colder  at 
the  horizon  than  it  would  for  a  calm  sea. 

The  effect  of  sky  reflection  or  backgroxmd  radiation  into  the 
radiometer  at  varying  surface  slopes  becomes  a  major  difficulty.  The 
explanation  lies  in  the  topic  of  shadowing.  When  a  rough  sea  is  viewed  at 
the  horizon,  the  slopes  on  the  back  sides  of  the  waves  and  deep  in  the 


DETECTOR  OUTPUT  (Arbitrary  Units) 


77 


Figure  3.24  Data  segment  from  the  3.8  ^im  channel  on  August  15,  1973  at 
20°  incidence  emgle.  Each  point  plotted  represents  an  average 
over  4.5  seconds  with  the  vessel  underway  at  3.5  m/s  (from 
Gasparovic  et  al.,  1974). 
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Figure  3.25  Comparison  of  the  measured  cloud  image  in  the  ocean  from 

Figure  2.24  with  a  calculated  image  of  the  ocean,  assuming  the 
sea  is  flat  (from  Gasparovic  et  al.,  1974). 


Indicated  Temperature  (°C) 


Figure  3.26  Radiance  of  the  ocean  as  a  fimction  of  viewing  angle,  <p,  and 

surface  roughness,  o)-,  for  March  15,  1966.  Rb  is  the  radiance 
of  a  blackbody  having  the  same  temperature  as  that  of  the 
ocean.  Rhsky  is  the  radiance  of  the  sky  at  the  horizon  only.  The 
wind  speed  was  2  -3  m/s  (from  Saunders,  1968). 
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troughs  are  hidden  from  sight.  Only  the  fronts  of  the  waves  are  exposed 
resulting  in  two  effects.  First,  the  local  angle  of  incidence  is  smaller  thus 
reducing  the  reflectivity.  Simultaneously,  the  ray  reflected  into  the  line  of 
sight  from  the  smaller  zenith  angle  originates  from  higher  in  the  sky 
dome.  (Zenith  angle  is  measured  identical  to  incidence  angle  only  looking 
up  along  a  line  of  sight.)  In  other  words,  the  warm  sky  region  near  the 
horizon  is  never  reflected  into  the  line  of  sight,  but  is  replaced  with  the 
colder  sky  from  higher  elevation  angles.  The  combination  of  an  increased 
surface  emissivity  and  decreased  sky  emittance  results  in  the  continued 
decrease  of  apparent  sea  surface  temperature  shown  in  Figure  3.26. 
Variable  cloudiness,  then,  coupled  with  a  rough  sea  presents  a  very 
difficult  problem  since  the  whole  sky  dome  does  not  have  a  uniform 
emittance. 

Smface-active  materials  not  only  have  hydrodynamic  effects  but  also 
electromagnetic  consequences  in  the  infrared.  The  emissivity  of 
surfactants  is  generally  less  than  that  of  water.  Comparing  a  thick  film  (~ 

1  -  2  mm)  of  surfactant  which  did  not  hinder  evaporation  with  a  monolayer 
of  the  same  substance  in  an  evaporation-fi:ee  container  produced  the 
following  results  (Jarvis  and  Kagarise,  1962).  The  thick  film  of  surfactant 
appeared  cooler  than  a  clean  water  surface  at  the  same  real  temperature, 
while  the  surface-active  monolayer  gave  the  equivalent  temperature  of  the 
clean  surface.  Depending  on  the  sensitivity  of  the  radiometer,  the 
monolayer  may  still  influence  emissivity  even  if  the  changes  in 
temperatiire  are  too  small  to  be  detected  by  the  radiometer.  The  difference 
in  temperature  between  a  thick  film  and  a  monolayer  is  probably  due  to 
differences  in  reflectivity  (i.e.  emissivity)  between  water  and  surfactants. 
However,  even  if  the  reflectivity  of  the  20  A  monolayer  is  different  firom  that 
of  water,  it’s  contribution  to  the  total  emittance  of  the  water- surfactant 
siirface  is  negligible  because  the  radiometer  senses  to  roughly  a  10  |im 
layer.  Thus,  depending  on  the  slick’s  thickness,  the  sky  or  any  backgroimd 
reflection  will  become  more  important  as  it  will  produce  more  of  the 
radiation  received  by  the  radiometer  depending  upon  the  change  in 
reflectivity.  For  thicker  layers  such  as  those  near  converging  flows  on  the 
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ocean,  the  optical  depth  of  the  surface-active  material  becomes  important 
along  with  a  more  complete  knowledge  of  the  its  emissivity  characteristics. 


CHAPTER4 


Wakes,  Wave  Theory,  and  Turi>ulence 


4.1  Introduction 


The  term  wake  is  commonly  applied  to  the  whole  region  of  non-zero 
vorticity  on  the  downstream  side  of  a  body  in  a  uniform  stream.  Vorticity  is 
mathematically  defined  as 


a  =  Wxu  (4.1) 

and  describes  twice  the  local  rotation  of  fluid  parcel  where  u  =  (u,v,w)  is 
the  velocity  field.  The  velocity  distribution  in  the  wake  is  Hkely  to  be 
complicated  in  the  neighborhood  of  the  body,  even  when  the  flow  is  steady, 
as  in  the  case  of  flow  separation  or  the  development  of  the  Kdrman  vortex 
street.  Far  downstream  the  direct  effect  of  the  presence  of  the  body  has 
disappeared  and  the  streamlines  have  become  parallel.  In  this  region  the 
vorticity  shed  from  the  body  surface  is  being  advected  in  the  stream 
direction,  and  diffused  by  viscosity.  Eventually  advection  is  more  important 
than  stream  wise  diffusion  since  the  vorticity  is  continually  spreading  and 
the  stream  wise  gradient  of  velocity  is  small  compared  with  that  in  the 
lateral  plane.  Thus,  the  boundary-layer  approximations  apply,  although 
for  smaller  Reynolds  numbers  or  for  bluff  bodies  they  apply  farther 
downstream.  Along  with  the  continual  spreading  of  the  wake,  frictional 
forces  tend  to  make  the  velocity  rmiform.  Far  downstream  the  departure 
from  the  free-stream  velocity  is  small.  The  application  of  these 
assumptions  will  be  considered  later  in  the  presentation  of  laminar  and 
turbulent  wakes.  First,  a  discussion  of  the  flow  in  the  neighborhood  of  a 
bluff  body,  in  particular  a  circular  cylinder,  is  appropriate. 

4.2  Near  Wake  of  a  Circular  Cylinder 

Consider  a  circular  cylinder  with  diameter,  D,  in  steady 
translational  motion  with  speed,  U,  through  an  undisturbed,  infinite  body 
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of  fluid  with  density,  p,  and  viscosity,  p.  The  non-dimensional  quantities 
describing  the  flow  field  depend  on  the  Reynolds  number 

Re  =  ^^.  (4.2) 

The  Reynolds  number  can  be  thought  of  as  the  ratio  of  inertial  to  viscous 
forces  in  a  flow  field.  When  Re  «  1,  the  inertial  forces  are  considered  to  be 
negligible  compared  to  the  viscous  forces.  Conversely,  when  Re  »  1  the 
opposite  may  be  expected  and  the  viscous  forces  may  be  negligible. 

In  the  intermediate  range  neither  assumption  is  valid  exclusively. 

At  Re  «  1,  the  dominant  process  is  the  diffusion  of  vorticity  away  from  the 
cylinder.  The  fluid  in  immediate  contact  with  the  cylinder  is  dragged  along 
at  the  same  speed  as  the  cylinder  according  to  the  "no-slip"  condition  at  the 
boundary,  leading  to  the  generation  of  vorticity  at  the  cylinder.  The  vorticity 
generated  diffuses  from  the  cylinder  which  is  moving  steadily.  Vorticity 
diffuses  over  a  distance  L  from  its  source  on  the  cylinder  in  a  time  on  the 
order  of  L^l  v,  and  during  this  time  the  cylinder  moves  a  distance  UL^  !  v. 

For  diffusion  distances,  L,  on  the  order  of  the  cylinder  dimension,  D,  and 
Re  «  1,  the  diffusion  process  dominates  and  the  vorticity  distribution 
exhibits  approximate  S5mimetry  near  the  cylinder  as  in  Figure  4.1,  for  Re  = 
0.25.  On  the  other  hand,  for  diffusion  distances  L  <D,  the  motion  of  the 
cylinder  has  the  effect  of  leaving  the  vorticity  behind  in  a  region  at  the  rear 
of  the  cylinder.  The  latter  situation  initiates  the  discussion  of  back  flow  and 
separation. 

Consider  in  Figure  4.2  the  accelerating  flow  between  points  A  and  B. 
The  local  strength  of  vorticity  at  A,  or  the  integrated  vorticity  across  the 
boundary  layer  thickness  at  A,  is  less  than  at  B.  The  advected  vorticity 
downstream  from  A  is  less  than  from  B.  Thus,  positive  vorticity  (CCW) 
must  be  generated  at  B  in  order  to  maintain  the  vorticity  strength.  Between 
C  and  D,  the  opposite  occurs  due  to  the  decelerating  flow  and  negative 
vorticity  (CW)  is  generated  at  D.  However,  the  flow  is  only  weakly 


R  =  910  R  =  577 


Figure  4.1  Streamlines  of  steady  flow  (from  left  to  right)  past  a  circular 

cylinder  of  diameter,  D.  The  photograph  at  =  Re  =  0.25  shows 
the  movement  of  solid  particles  at  a  free  surface,  and  all  others 
show  particles  illuminated  over  an  interior  plane  normal  to 
the  cylinder  axis  (from  Batchelor,  1967). 
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Figure  4.2  Separation  of  a  boundary  layer  for  flow  around  an  elliptic 

cylinder  at  rest  in  an  oncoming  stream  of  velocity,  U,  directed 

along  the  major  axis  of  its  elliptic  cross-section  where  o)  and  q 
represent  the  distributions  of  vorticity  and  fluid  speed 
respectively  within  the  boimdary  layer  (from  Lighthill,  1986). 
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decelerating  and  the  slight  negative  vorticity  is  hardly  noticed  as  the 
diffusion  of  positive  vorticity  dominates.  Between  D  and  E,  the  flow  is 
strongly  decelerating  and  the  diffusion  of  negative  vorticity  dominates.  At 
E,  a  reversed  flow  must  develop.  When  the  reversed  flow  and  the  stream 
flow  meet,  the  flow  sepmates. 

In  Figure  4.1  a  region  of  slowly  circulating  fluid  immediately  behind 
the  cylinder  is  evident  at  Re  =  9.10,  and  as  the  Re5molds  number  increases 
further  the  region  becomes  elongated  and  the  motion  intensifies.  Within 
the  region  the  flow  exhibits  two  groups  of  closed  streamlines  arranged 
symmetrically.  Each  group  comprises  a  "standing  eddy"  with  the  top 
having  a  clockwise  circulation  and  the  bottom  the  opposite.  Clearly,  as 
Reynolds  niomber  increases  advection  becomes  more  effective  in  sweeping 
the  vorticity  downstream  than  diffusion  away  from  the  cylinder.  More  and 
more  vorticity  is  carried  arovmd  to  the  rear  of  the  cylinder,  the  vorticity 
being  of  negative  sign  (CW)  near  the  upper  surface  and  positive  near  the 
lower.  Ultimately,  more  vorticity  than  is  needed  for  the  no-slip  condition  is 
located  behind  the  cylinder,  and  a  backward  flow  is  induced.  The  backward 
flow  coimters  the  forward-moving  fluid  and  deflects  it  away  fi-om  the  rear  of 
the  cylinder,  which  in  turn  tends  to  strengthen  the  rotation  of  the  standing 
eddy.  An  alternative  explanation  of  separation  arises  from  viewing  these 
progressive  photos. 

As  the  Reynolds  nximber  increases  between  30  and  40,  the  steady  flow 
further  downstream  appears  to  become  rmstable  to  small  disturbances, 
while  the  eddies  remain  stable  and  attached  to  the  body.  The  instability 
gives  rise  to  a  slow  "sinusoidal"  oscillation  of  the  wake  as  shown  in  Figure 
4.3.  As  the  Re5molds  nximber  increases  beyond  the  point  at  which  the 
instability  first  appears,  the  oscillations  of  the  wake  move  closer  to  the 
cylinder  (depending  upon  experiment,  these  oscillations  might  roll  up 
before  affecting  the  eddies).  When  the  Reynolds  number  approaches  60,  the 
oscillations  begin  to  affect  the  two  standing  eddies  immediately  behind  the 
cylinder.  The  two  standing  eddies  oscillate  together  in  lateral  position,  and 
appear  to  shed  some  rotating  fluid  at  the  end  of  every  half-period. 
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R  =  i6i 

Figure  4.3  Streaklines  in  the  wake  behind  a  circvilar  cylinder  in  a  stream  | 

of  oil  (from  Batchelor,  1967). 

I 


87 


alternately  on  top  and  on  bottom.  The  frequency,  Fq,  of  this  "shedding"  can 
be  described  by  the  non  dimensional  Strouhal  number 

_  FJ)  _  local  acceleration 
U  advective  acceleration 

denoting  the  ratio  of  local  to  advective  accelerations.  Most  of  the  fliaid 
passing  close  to  the  cylinder  appears  to  gather  itself  into  discrete  lumps  of 
vorticity,  arranged  in  two  regular  staggered  rows  on  either  side  of  the 
stream- wise  line  through  the  center  of  the  cylinder.  Each  vortex  in  the  row 
has  the  same  sign,  while  the  two  rows  differ  in  sign  (i.e.  CW  on  top  and 
CCW  on  bottom). 

This  regular  array  of  vortices  in  the  wake  is  known  as  the  Karman 
vortex  street,  and  moves  downstream  with  a  velocity  slightly  less  than  the 
free  stream.  The  two  eddies  immediately  behind  the  cylinder  are  not 
clearly  recognizable  for  values  of  Re  much  above  100,  but  the  vortex  street 
continues  to  form  in  the  wake  up  to  much  larger  Re  numbers.  The  vortices 
themselves  become  unstable  at  Re  ~  200  and  become  turbulent  at  Re  ~  400. 
The  vortex  street  is  recognizable  up  to  Re  «  2500  and  up  to  Re  «  4  x  10^ 
periodic  oscillation  of  the  flow  near  the  cyhnder  is  detectable,  although 
irregular.  The  Strouhal  number  «  0.2  throughout  this  range. 

Von  Karman  provided  a  classic  argument  of  the  stability  of  two 
parallel  periodic  vortex-rows  as  documented  by  Milne-Thomson  (1949).  Von 
Karman  showed  for  a  non-viscous  fluid  the  equilibrium  has  a  Ist-order 
instability  (i.e.  deviations  from  the  array  grow  exponentially),  unless  the 
ratio  of  the  transverse  height  between  rows,  h,  to  the  spacing  between 
vortices  within  each  row,  a,  is  equal  to  0.281.  Lamb  (1945)  furthers  the 
analysis  and  shows  that  indeed,  at  least  for  neutral  stability,  the  ratio  of 
hla  =  0.281  is  valid  for  all  cases  except  for  maximized  initial  distimbance. 
Many  references  in  the  literature  are  made  to  this  as  the  "stable  spacing 
ratio".  However,  various  investigators  cited  by  Birkhoff  and  Zarantonello 
(1957)  have  shown  that  the  spacing  ratio  also  has  a  bigher-order  instability. 
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Moreover,  since  h  is  invariant  in  a  non-viscous  fluid,  the  ratio  of  hja  is 
determined  by  its  initial  value,  and  not  by  the  stability  of  this  downstream. 
Finally,  the  break  up  of  the  real  vortex-street  does  not  proceed  via  irregtdar 
wandering  of  the  point  vortices,  as  considered  by  von  Karman.  Thus,  the 
varying  observed  ratios  must  be  due  to  some  cause  other  than  a  tendency  of 
a  "stable"  spacing-ratio,  contrary  to  what  was  once  thought.  Possibly,  the 
regular  nature  of  the  periodic  shedding  of  vortices  causes  the  street  to  be 
stable  and  not  the  actual  spacing-ratio  resulting  in  the  Strouhal  number 
regularity  over  a  large  range  of  Reynolds  numbers. 

As  a  note  for  later  discussion,  an  unsteady  flow  develops  near  the 
cylinder  in  the  50  <  Re  <  110  range,  and  the  drag  force  oscillates  with  the 
formation  of  each  eddy.  In  addition,  the  top-to-bottom  asymmetry  of  the 
flow  gives  rise  to  an  oscillating  lift  force.  As  the  flow  forms  a  clockwise 
eddy,  it  rushes  past  the  top  of  the  cylinder  somewhat  faster  than  the  flow 
across  the  bottom.  This  causes  the  pressure  on  the  top  to  be  less,  resulting 
in  a  lift  force  upward  in  the  cross-flow  direction.  When  this  clockwise  eddy 
fully  develops  and  breaks  away,  the  opposite  occurs  and  a  downward  lift 
force  results.  These  alternating  lift  forces,  as  documented  in  Figure  4.4 
could  cause  transverse  oscillations  which  could  regularize  the  vortex 
shedding  and  the  Strouhal  number. 

4.3  Far  Wake  of  Non  Lifting  Bodies  (Laminar  Case) 

Vorticity  is  generated  as  the  flow  goes  over  a  body  and  is  swept  into 
the  wake.  As  this  vorticity  is  carried  downstream,  the  positive  vorticity  in 
the  lower  half-plane  diffuses  toward  the  centerline,  where  it  meets  the 
negative  vorticity  of  the  upper  plane.  Furthermore,  at  the  outer  edges  of  the 
wake,  the  vorticity  diffuses  outward  to  spread  the  wake.  As  mentioned 
earlier,  the  boundary  layer  equations  govern  the  wake  flow  as  the  Reynolds 
number  is  large  confining  the  viscous  effects  to  thin  regions  where  steep 
velocity  gradients  exist.  Inviscid  flow  theory  fails  near  a  "no-slip" 
boundary,  as  a  velocity  gradient  estimated  as 


Figure  4.4  Evolution  of  lift  due  to  vortex  shedding  in  the  wake  of  a  circular 
cylinder  at  the  later  stages  of  impulsively- started  flow  where 
Cl  is  the  coefficient  of  lift  and  t*  is  a  non-dimensional  timestep 
(from  Sarpkaya  and  Isaacson,  1981). 
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results  in  an  unreasonably  small  quantity.  For  the  thin  region  near  a  body 
termed  the  boundary  layer  of  thickness,  5,  the  velocity  gradient 


more  realistically  approximates  the  order  of  magnitude.  Note  two 
important  facts  that  5«D  and  as  the  i2e  ->  5  approaches  zero. 


Formulation  of  the  boundary  layer  phenomenon  initiates  with  the 
Navier-Stokes  equations.  Consider  the  x-direction  (streamwise) 
momentum  equation 


du  Bu  du  1  dP  d^u  d^u 
dt  dx  By  p  Bx  By^ 


(4.6) 


and  the  continuity  equation  for  am  incompressible  fluid 


Bu  Bv  ^ 

— +  — =  0 

(4.7a) 

Bx  By 

or 

Vu  =  0 

(4.7b) 

where  u  is  the  a:-direction  velocity  component,  v  is  the  y-direction  (cross¬ 
stream)  velocity  component,  t  is  the  time,  P  is  the  pressure,  p  is  the  density 
of  the  fluid  and  v  is  the  kinematic  viscosity.  Scaling  of  (4.6)  will  provide 
valuable  insight  into  the  natime  of  the  boimdary  layer  behavior.  We  now 
scale  the  dimensional  variables,  x  =  x*D,  y  =  y*5,  u  =  u*U,  P  =  P*pU^,  t  = 
t*DIU,  and  using  continuity  from  (4.7a)  arrive  at  a  characteristic  vertical 
velocity  for  v  =  v*U5ID.  Applying  these  scalings  and  dropping  *,  the  x- 
direction  Navier-Stokes  equation  becomes  non-dimensionalized  as 
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Bu  du  da  dP  1 

- \-u - i-u —  = - 1 - 

Bt  Bx  By  Bx  Re 


B^u  1 

2  A 

B  U 

UJ 

(4.8) 


Applying  similar  scaling  to  the  y-direction  momentum  equation  results  in 


^  =  0  (4.9) 

dy 


the  pressure  is  a  function  of  x  and  t  only  and  constant  across  the  boimdary 
layer.  All  the  terms  in  (4.8)  are  of  0(1)  except  for  the  last  two.  Applying  the 
limit  Re the  second  to  last  term  vanishes  while  the  final  term  is 
indeterminate.  The  logical  choice  is  that  the  last  term  is  0(1);  otherwise  we 
arrive  at  the  inviscid  flow  theory  solution  or  a  boundary  layer  with  constant 
shear  stress  and  a  linear  velocity  profile.  Therefore, 


5~ 


D 


(4.10) 


and  the  dimensional  boimdary  layer  equation  takes  the  form 

Bu  Bu  Bu  1  BP  B^u 

— +  M  — +  u— = - ^  + 

Bt  Bx  By  p  Bx  By 


(4.11) 


where  5  is  the  boundary  layer  thickness  describing  the  length  scale  of 
diffusion. 


The  propagation  of  vorticity  follows  directly.  Within  the  boundary 
layer,  the  z-component  of  vorticity  is 


Bv  Bu  _  Bu 
Bx  By  By 


according  to  our  boundary  layer  assumptions.  Using  Prandtl's  boundary 
layer  (4.11) 
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Bt  By  Bt 


dy 

Bu 


( 


1  BP  B^ 


- — +  V 


V 


p  Bx 


u  Bu  Bu 

By^  Bx  By 


Bx  By  j 


,  K  dC 

^  Bx  By 


(4.13) 


and  employing  continuity  from  (4.7a) 


where 


2L 

Dt 


D 

Dt 


4-+mv 

Bt 


(4.14) 

(4.15) 


is  the  total  derivative  of  a  variable.  Thus,  (4. 14)  describes  vorticity  advecting 
downstream,  while  at  the  same  time  diffusing  laterally  into  the  fluid 
domain. 


In  addition  to  the  boundary  layer  assumptions  outlined  above,  the 
"far  wake"  approach  to  a  solution  allows  for  two  more  assumptions.  As  the 
wake  continually  spreads,  departure  of  the  wake  velocity,  Ui^,  from  the  free- 
stream  velocity,  U,  is  small  sufficiently  far  downstream  such  that 

\U-u^\«U  (4.16) 

as  the  frictional  forces  tend  to  make  the  velocity  profile  uniform  across  the 
wake.  Second,  the  velocity  and  pressure  in  the  irrotational  flow  outside  the 
wake  are  approximately  uniform,  and  so  the  pressure  is  assumed  uniform 
in  the  wake.  The  following  analysis  is  outhned  in  Panton  (1984)  with  a 
diagram  of  the  flow  shown  in  Figure  4.5. 

We  assinne  that  similarity  exists  in  terms  of  the  velocity  defect, 
u  =  U-u^ 


(4.17) 


Figure  4.5  Laminar  wake  of  a  bluff  body,  i.e.  circvdar  cylinder  (from 
Panton,  1984). 


Figure  4.6  Plane  tiirbulent  wake  of  a  circular  cylinder  (from  Tennekes 
and  Lumley,  1972). 


where  is  the  velocity  profile  across  the  wake.  Introducing  the  scalar 
stream  function,  y/,  in  the  form 


dy/  =  ^^dx  +  ^^dy  (4.18) 

dx  dy 

allows  description  of  the  velocity  along  a  streamline.  Defining  u  =  dyrjdy 
and  V  =  -dyrfdx  5delds  the  stream  function  "exact",  or  truly  a  function  of  x 
and  y,  as 


dv  _du 

(4.19a) 

dy  dx 

d^yr  _  d^yr 

(4.19b) 

dydx  dxdy 

The  relation  in  (4.19a)  equals  the  continuity  equation  of  (4.7a).  Thus,  the 
stream  function  automatically  satisfies  mass-conservation.  Following 
from  (4.18)  when  y/is  constant 

(4.20) 

Y-cons  tan  t 


V  _dy 
u  dx 


states  that  the  velocity  vector  tangent  to  the  curve  y/  =  cons  tan  t  defines  the 
streamline.  Our  scaling  assumes  similarity  of  the  form 


where 


y/  =  AxPf(  r\) 


77  = 


y 

Bx^ 


(4.21) 

(4.22) 


with  the  constants  A,  B,p,  and  q  to  be  chosen  dvuing  the  analysis. 
Substituting  y/and  rj  into  the  boundary-layer  (4.11)  results  in  terms 
proportional  to 


(4.23) 


dx 

^u  —  +  v^oc  ABxP^^^-^ \{q-p)f'^ 
dx  dy  '■ 

+2qiifr-pri 


V 


d^u 


oc 


Vf 


Recall  that  the  drag  force,  Fd  is  related  to  the  momentum  thickness,  0m , 
through 


Fi,=pu^e„=pu^l 


U„ 


U 


1  _ 

u 


py 


(4.24) 


defining  the  momentum  flux  equal  to  the  momentum  deficit.  Substituting 
y/and  q  into  (4.24)  arrives  at 


Fd  =pAxPj 


U-^xP-^rif'dr]. 

B 


(4.25) 


We  now  seek  a  self-similar  solution  for  which  f  is  independent  of  x. 
Similarity  cannot  be  accomplished  unless  p  =  0,q  =  0.5,  and  x-^  The 
final  constraint  restricts  the  solution  to  the  "far-wake",  allowing  (4.23)  and 
(4.25)  to  govern  the  far  wake  in  the  form 

f'"  +  [  r]f"  +  f']  =  0  (4.26) 

and 

FD=pAU\f'dq.  (4.27) 


The  equation  in  (4.26)  has  the  solution 
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r  =  e-^ 

when  the  coefficient  in  front  of  the  bracket 


(4.28) 


2v 


=  2 


such  that, 


(4.29) 


(4.30) 


Inserting  (4.28)  into  (4.27)  reveals 

A  = 


2Fo 


p4nU 

Hence,  the  final  expressions  become 


(4.31) 


and 


1  ^ 

(4.32) 

(4.33) 

(4.34) 

Therefore,  as  the  "far"  wake  decays  downstream,  the  velocity  defect 
decreases  as  and  with  a  Gaussian  distribution  profile  in  y  according  to 
(4.34),  while  the  thickness  of  the  laminar  wake  increases  parabolically, 

~  according  to  (4.32).  Surprisingly,  all  bodies  produce  a  wake  for 
Re3molds  numbers  greater  than  zero  with  this  solution  being  valid.  The 
actual  influence  of  the  Reynolds  number  is  such  that  one  need  not  go  "far" 
downstream  when  Reynolds  number  is  high. 
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4.4  General  Characteristics  of  Turbulence 

Turbulent  flow  is  difficult  to  define  precisely,  and  as  such  we  choose 
to  characterize  some  of  its  properties.  Turbulence  exhibits  an  irregularity, 
or  randomness,  which  prevents  a  deterministic  approach  to  the  problem 
forcing  one  to  rely  on  a  statistical  description.  Consider  a  steady  laminar 
flow  which  transforms  into  an  unstable,  imsteady  idldt(»)  ^  0)  flow.  One 
now  observes  significant  fluctuations,  u'l,  about  the  mean  flow  velocity,  Ui, 

which  results  in  an  instantaneous  velocity  of 

Ui=Ui  +  u'.  (4.35) 

where  the  subscript  i  =  1,2,3  denotes  the  tensor  notation  for  the  quantities 
along  the  coordinates  x,y,  and  z  which  allows  for  simplicity  in  later 
derivations.  Mean  flow  values  averaged  over  an  extended  period  allow  for 
the  time-averaged  fluctuations  to  be  zero,  =0,  and  the  flow  to  be  "steady" 
in  the  mean, duildt  =  0.  The  irregularities  created  by  turbulence  have 
certain  spatial  structures  known  as  eddies  which  encompass  a  continuous 
distribution  of  shapes  and  sizes.  Once  generated,  turbulence  diffuses  into 
non-turbulent  regions  causing  rapid  mixing  and  increased  rates  of 
momentum,  heat,  and  mass  transfer. 

Turbulence  is  a  flow  property,  as  opposed  to  a  fluid  property,  and  as 
such  timbulent  flows  always  occiar  at  high  Reynolds  numbers  where 
inertial  effects  dominate.  In  addition,  turbulent  flow  is  three-dimensional 
and  characterized  by  high  levels  of  fluctuating  vorticity.  The  scales  of 
eddies  produced  from  the  rotational  flow  extend  from  the  largest, 
comparable  to  the  thickness  or  size  of  the  turbulent  region,  to  the  smallest 
restricted  by  viscous  forces  which  tend  to  destroy  them.  More  importantly 
the  steep  velocity  gradients  cause  viscous  shear  stresses  which  perform 
deformation  work  increasing  the  internal  energy  of  the  fluid  at  the  expense 
of  the  kinetic  energy  of  the  turbulence.  Consequently,  turbulent  flow 
displays  a  much  greater  dissipative  nature  requiring  a  continuous  supply 
of  energy  to  maintain  itself  or  else  it  decays  rapidly.  Finally,  turbulence  is  a 
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continuum  phenomenon  stating  that  the  smallest  scales  occurring  in  a 
turbulent  flow  usually  exceed  any  molecular  ones. 


Reynolds  performed  the  velocity  decomposition  of  (4.35)  in  order  to 
develop  equations  to  govern  the  mean  quantities  of  turbulent  flow.  Applying 
the  velocity  decomposition  to  (4.7b)  the  continiaity  equation  becomes 


dui 

dx, 


d  /_  dUi  du[ 

dxi  dxi  dXi 


=  0. 


(4.36) 


If  (4.36)  is  averaged,  the  second  term  vanishes  allowing 

^  =  0  (4.37) 

dXi 

while  subtracting  (4.37)  from  (4.36)  allows 

M  =  0  (4.38) 

dx, 

Substituting  the  Reynolds  decomposition  into  the  Navier-Stokes  equations 
and  following  the  rules  of  averaging  we  find  that  the  mean  flow  would 
satisfy 


_  du,  ,  du'  1  dP  d% 

•'  dXj  dXj  p  dxi  dXj 


(4.39) 


if  the  second  term  on  the  left-hand  side  were  absent.  This  term  represents 
the  mean  transport  of  fluctuating  momentum  through  the  interaction  of 
the  turbulent  velocity  fluctuations.  We  may  write  this  term  as 


u 


dxi 


(9Mj'  ,  ^  j 

11  ■  — ^  -f  IL  - - — 

^  dXj  *  dXj 


(4.40) 


99 


by  inserting  (4.40)  into  (4.39).  The  contribution  of  turbulent  motion  to  the 
"mean"  stress  tensor  is  given  by 


(4.42) 


known  as  the  Re5molds  stress  tensor  associated  with  the  fluctuating  flow. 


In  order  to  solve  (4.41),  we  must  develop  relations  between  the  mean 
and  fluctuating  flow  —  the  closure  problem.  An  initial  phenomenological 
theory  developed  by  Boussinesq  and  advanced  by  Prandtl  presents  the  basic 
idea.  For  the  moment,  let  us  assign  for  the  2-D  problem 


=-paV  =  pVe- 


(4.43) 


where  Vg  represents  the  "apparent",  "virtual",  or  "eddy  viscosity  and  is  a 
property  of  the  flow  unlike  v  which  is  a  fluid  property .  Prandtl,  as  well  as 
others  such  as  G.  I.  Taylor,  has  put  forth  the  notion  of  a  "mixing  length". 
He  envisioned  a  turbulent  exchange  based  on  the  assumption  that  fluid 
masses  displaced  transverse  to  the  direction  of  the  mean  flow  carry  their 
momentum  invariably  over  a  distance,  £ .  Therefore,  the  mixing  length  is 
defined  as  the  distance  in  the  cross-stream  direction  which  must  be  covered 
by  a  lump  of  fluid  traveling  with  its  original  mean  velocity  in  order  to  make 
the  difference  between  its  velocity  and  the  velocity  in  its  new  position  equal 
to  the  mean  transverse  fluctuation  in  the  turbulent  flow.  The  actual 
mechanism  is  probably  more  complicated,  but  the  initial  concept  of  a 
characteristic  length  is  necessary  for  turbulent  flow.  According  to  his 
estimate  of 
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Ve 


(4.44) 


which  is  analogous  to  the  kinetic-theory  model  for  molecular  viscosity,  the 
mixing  length  is  much  like  the  mean  free  path  in  a  gas.  Even  though  the 
eddies  in  turbulence  are  incapable  of  the  independent  action  of  molecules, 
the  concept  works  well  with  fairly  simple  assmnptions  for  £  which  allow 
solution  to  the  problem  of  closure  in  (4.41). 


Thus,  Prandtl's  mixing  length  hypothesis  stated  as 


T;.  =  -pu'v'  =  p£^ 


du  du 
dy  dy 


(4.45) 


provides  crude  yet  useful  results  for  the  asymptotic  rate  of  growth  and 
mean  velocity  profile  for  wakes.  However,  some  errors  plague  Prandtl's 
argument  including  the  fact  that  the  eddy  viscosity  Vg  =  0  when  duldy  =  0 

as  occurs  at  the  wake  center.  Experiments  by  Townsend  (1949)  show  that 
the  eddy  viscosity  has  a  maximum  on  the  center  line  of  the  axis.  Also, 
Prandtl's  idea  that  only  one  scale  exists  for  turbulence  is  quite  incorrect  as 
already  pointed  out.  The  larger  eddies  primarily  affect  the  lateral 
spreading  of  the  wake,  while  the  smaller  ones  influence  the  momentum 
transfer  within  the  wake.  Moreover,  his  formulas  say  nothing  about  the 
tiirbulent  energy  decay  rate. 

Turbulence  consists  of  fluctuating  motion  with  a  vast  range  of  length 
scales.  Consider  the  flow  past  a  cylinder  as  the  Re  increases  where  the 
largest  eddies  begin  to  form  of  size  f  ~  D  and  sweep  into  the  wake.  The  time 
interval  elapsed  between  the  origin  of  the  eddy  and  its  downstream  position, 
L,  is  of  order  LjU ,  allowing  an  estimate  of  ^  ~  u'*t  ~  u'*lIu  where  u'* 
represents  a  characteristic  velocity  fluctuation  for  this  length  scale. 
Basically,  we  have  equated  the  turbulent  "diffusion"  and  advective  time 
scales.  As  the  wake  continues  to  form  we  measure  fluctuations,  or  eddies, 
of  different  size.  Progressing  farther  downstream  we  discover  that  the  eddy 
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size  spectrum  approaches  constancy,  or  fully  developed  turbulence.  The 
eddies  range  from  I » where  represents  the  median-sized 
eddies  and  the  smallest,  or  Kolmogorov,  eddies. 

For  the  larger  eddies  we  define  a  Re5molds  number,  Re^  =  u'*il v ,  so 
that  for  Re  »  1  we  also  expect  Re^  »  1.  However,  these  large  scale  eddies 

behave  as  if  inviscid,  acqmre  instabilities  and  produce  smaller  eddies  with 
smaller  Reynolds  numbers,  =m'*^o/v,  where  u'^  is  the  characteristic 

turbulent  velocity  for  these  eddies.  Still  smaller  eddies  continue  to  form 
until  finally  a  small,  stable  Re5molds  number,  Re^^  is  reached 

where  represents  the  Kolmogorov  scale  velocity.  The  Reynolds  number 
has  become  so  small  that  viscous  effects  are  important  and  the  Kolmogorov 
eddies  lose  energy  to  heat.  The  preceding  outline  of  the  "Energy  Cascade" 
explains  the  flow  of  energy  from  the  mean  flow  down  the  scales  of 
turbulence  to  the  smallest  scales.  The  energy  flux  per  unit  mass  input 
from  the  mean  flow  and  cascading  down  is  then 

£,  -  (u'’)Y<  (4.46) 


which  should  equal  the  energy  dissipated  on  the  Kolmogorov  microscale. 
Thus,  we  can  form  Kolmogorov  length,  time,  and  velocity  scales  as 

(4.47) 

u'k 

with  Re^^  =  ^  which  illustrates  that  the  small-scale  motion  is 

quite  viscous  and  the  dissipation  adjusts  itself  to  the  energy  supply  through 
the  length  scales.  The  equation  in  (4.4)  states  that  the  large-scale  inertial 
dynamics  can  estimate  the  viscous  dissipation  of  energy.  Dissipation  is  a 
passive  process  which  proceeds  at  a  rate  dictated  by  the  inviscid  nature  of 
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larger  eddies.  Finally,  substituting  (4.46)  into  (4.47)  we  obtain  the  relations 
between  the  largest  and  smallest  eddies 

tklt  =  (Reiy''^^  (4.48) 

uy/u'*  = 

demonstrating  the  wide  separation  between  scales  which  enlarge  as  the 
Reynolds  number  increases. 

4.5  Free  Turbulent  Flows:  2-D  Wakes 

Turbulent  flows  are  termed  free  if  they  are  not  confined  by  solid 
walls.  As  discussed,  a  wake  is  formed  behind  a  solid  body  which  is  being 
dragged  through  fluid  at  rest,  or  behind  a  solid  body  placed  in  a  stream  of 
fluid.  The  velocities  in  the  wake  are  smaller  than  those  in  the  main  stream 
and  the  losses  in  the  wake  amount  to  a  loss  of  momentum  which  is  due  to 
the  drag  on  the  body.  The  spread  of  the  wake  increases  with  distance  from 
the  body  and  the  differences  between  the  velocity  in  the  wake  and  the  free 
stream  become  smaller.  Qualitatively  such  flows  resemble  similar  flows  in 
the  laminar  case;  however  large  quantitative  differences  exist  as  discussed 
in  Section  4.4. 

At  this  time,  we  shall  restrict  the  discussion  to  two-dimensional  free 
shear  plane  flows  for  the  far  wake  (i.e.  f/L  ->  0).  We  observe  that  all  mean 
quantities  are  independent  of  time  and  are  constant  in  the  z-direction  and 
W  =  0.  Also,  the  fluctuating  velocity  field,  u^,  is  isotropic  (u',  v',  and  w'  are 

all  the  same  order  of  magnitude).  Applying  similar  scaling  practices  used 
for  laminar  flow,  we  attempt  to  retain  all  the  0(1)  terms  in  (4.41)  assuming 
that  Re(  is  sufficiently  large,  u'*/U  =  0( ^IL),  and  u'*lu  =  0(  1)  where 
u  =  U -u^  is  now  the  velocity  defect  in  the  wake.  The  cross-stream 
momentum  equation  provides 
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dv'v^  ^  IdP 
dy  p  By 

which  when  integrated  yields 


P  +  pv'v'  =  Pq 


(4.49) 


(4.50) 


where  Po  is  the  pressure  outside  the  turbulent  wake  and  assumed  to  be 
streamwise  constant  (i.e.  BP^IBx  =  0).  Differentiating  (4.50)  we  find 

^  =  -1^  (4.51) 

Bx  p  Bx 

needed  in  the  next  step.  Invoking  the  outlined  assumptions  and 
substituting  (4.51)  for  BPIBx,  the  streamwise  momentum  equation  reduces 

to 


=  (4.52) 

Bx  By 

while  applying  a  more  stringent  condition,  =  O(tlL),  in  order  for  the 

viscous  terms  to  be  the  same  order  as  the  other  neglected  ones.  As  we  have 
stated  for  Re  »  1  we  also  expect  Re^  »  1  which  allows  for  IjRe^  -  ^IL«1 
as  required  for  the  validity  of  (4.52).  In  fact,  =  u'*tlv  =  Vg/v  provides  an 
estimate  for  the  eddy  viscosity  as  Vg  =  u'*L  Essentially  when  Re^  is  very 
large,  we  imply  that  the  Reynolds  stress  is  much  larger  than  the  viscous 
one. 


Schlichting  (1960)  outlines  the  classic  analysis  for  a  plane  turbulent 
wake  providing  a  qualitative  nature  of  the  flow  while  Figure  4.6  offers  a 
diagram  similar  to  the  laminar  case.  In  spite  of  the  broad  range  of 
turbulent  length  scales,  one  may  argue  that  large  eddies  of  0(i)  contribute 
more  to  the  momentum  transfer  and  growth  of  the  wake.  Therefore,  the 
free-shear  (4.52)  is  permissible,  where  the  viscous  term  is  approximated  as 
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du'v' 

dy 


=  21^ 


du 

du 

dy 

dy 

(4.53) 


according  to  Prandtl's  mixing  length  hypothesis  of  (4.45).  An  additional 
assumption  is  that  the  mixing  length  is  proportional  to  the  width  of  the 
turbulent  wake,  bt,  and  thus 

I 

- =  j3  =  cons  tan  t  (4.54) 

bt(x) 


or  the  ratio  of  the  two  is  constant. 


Schlichting  states,  similar  to  the  laminar  case,  the  width  of  the  wake 
and  velocity  defect  are  designated  by 


and 


6,  =  G(C^xDf^ 


fCi 

S-  =  !7-i^  =  [;  f(r^) 

\  X  J 


(4.55) 

(4.56) 


where  D  is  the  diameter  of  the  cylinder,  Cdc  is  the  coefficient  of  drag  for  the 
cylinder,  and  G  is  an  arbitrary  constant  to  be  found  from  the  momentum 
integral  (in  terms  of  drag  force)  and  introduces  the  similarity  variable 


(4.57) 


In  a  manner  comparable  to  the  analysis  of  laminar  wakes,  we  solve  the 
free-shear  equation  for  plane  flow  using  the  shearing  stress  h3q)othesis  and 
the  momentum  integral  and  find  that  the  width  of  the  wake  becomes 

b,  =fi(10Cj,xDp 


(4.58) 
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while  the  velocity  defect  is 


U-Uj^ 


U 

18P 


(4.59) 


From  experiment,  Schlichting  finds  that  the  ratio  =0.18. 


One  notices  that  similar  to  the  laminar  case  the  width  of  the 
turbulent  wake  (actually  2ht)  increases  parabolically  with  and  the 
velocity  defect  decreases  as  The  preceding  solution  constitutes  an 
approximation  for  large  distances  x  downstream  where  measurements 
show  for  xJC^cD  >  50  the  solution  is  valid.  One  will  also  notice  that  the 

shape  of  the  velocity  distribution  within  the  wake  is  not  Gaussian  in  this 
analysis  of  the  turbulent  case.  Tennekes  and  Lumley  (1972)  present  an 
alternative  analysis  arriving  at  a  Gaussian  distribution  for  the  wake 
velocity.  However,  the  Gaussian  velocity  profiles  differ  negligibly  from 
those  foimd  here  as  shown  by  Schlichting  (1960). 


In  addition  to  the  problems  discussed  in  Section  4.4,  another  problem 
arises  from  experimental  observations.  The  profiles  outlined  here  and  in 
Tennekes  and  Lumley  describe  the  flow  excellently  near  the  center  of  the 
wake.  A  discrepancy  exists  where  the  calculated  profiles  approach  the  free 
stream  velocity  more  slowly  than  observed  near  the  outer  portions  of  the 
wake.  Evidently,  due  to  the  assumption  of  a  constant  eddy  viscosity,  the 
eddy  viscosity  near  the  wake  edges  is  incorrectly  overestimated.  Actually, 
the  flow  fluctuates  between  laminar  and  turbulent  in  the  neighborhood  of 
the  outer  boimdaries  of  the  wake.  When  a  point  is  in  the  irrotational  flow, 
the  Re5molds  stress  is  zero.  Hence,  the  relative  fraction  of  time  a  point 
remains  within  the  turbulent  region,  or  intermittency,  forces  the  eddy 
viscosity  to  diminish  as  the  edge  of  the  wake  is  approached. 


4.6  Oscillating  or  Periodic  Flow 


106 


From  Section  4.2,  it  is  evident  that  there  is  a  fundamental  interaction 
between  the  body  and  the  separated  flow  particularly  in  the  region  of  the 
cylinder’s  near  wake.  The  dynamics  of  this  interaction  under  a  steady  flow 
is  of  major  importance  in  determining  the  time-dependent  fluid  resistance, 
or  drag,  and  the  characteristics  of  the  flow-induced  vibrations  which  cause 
lift.  Theoretically,  it  is  not  yet  possible  to  predict  the  flow  when  separation 
leads  to  a  large  scale  wake  comprised  of  alternating  vortices.  It  is 
particularly  difficult  to  model  the  time-dependent  flow  about  a  cylinder  as 
in  the  case  of  wave  motion.  In  such  cases,  the  separation  points  tmdergo 
large  excursions  and  the  roles  played  by  the  region  in  front  of  the  cylinder 
and  behind  it  are  periodically  interchanged.  The  flow  in  wave  motion  can 
be  thought  of  as  accelerating  the  cylinder  in  one  direction,  decelerating  it  to 
a  stop,  and  then  accelerating  it  again  in  the  opposite  direction.  The  possible 
range  of  Reynolds  numbers  coxild  be  large  and  thus,  interesting  flow 
patterns  could  arise.  An  outline  of  the  linear  wave  theory  is  appropriate 
and  provides  a  Ist-order  small  amplitude  analysis  applicable  in  the 
description  of  the  infrared  signature  of  free-surface  wakes. 

For  an  inviscid  irrotational  flow,  the  velocity  field,  u ,  is  expressed  as 
the  gradient  of  the  scalar  potential,  0o, 


u  =  V0O  (4.60) 

according  to  (4.1)  through  mathematical  identity.  Continuity  requires  that 
the  velocity  potential  satisfies  Laplace's  equation 

=  0  (4.61) 

following  substitution  of  (4.60)  into  (4.7b).  Applying  the  appropriate 
bormdary  conditions  on  (4.61)  we  arrive  at  a  non-linear  wave  problem. 
Performing  a  perturbation  analysis  and  collecting  the  lowest  order  terms 
allows  for  a  linearized  set  of  equations,  resulting  in  the  velocity  potential 
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a^gcosh[k^{d-z)\ 
O)o  cosh[kod) 


sin{koX  -  cOot) 


and  a  surface  elevation  of 


(4.62) 


T]^=a^cos{k^x-Q)j) 


(4.63) 


forming  the  basis  of  Airy  wave  theory.  The  variable  =  H^I2  is  the  wave 
amplitude  with  wave  height  Hq,  is  the  wave  frequency  with 

wave  period  To,  while  =  27tlL^  is  the  wavenumber  where  Lo  is  the 
wavelength.  In  solving  the  linear  wave  problem,  we  define  the  dispersion 
relation 


= 


\  Pw  j 


tanh{kad) 


(4.64) 


describing  the  phenomenon  that  waves  of  different  frequencies,  or 
wavelengths,  travel  at  different  speeds.  According  to  (4.63),  an  observer 
moving  with  and  retaining  the  same  relative  position  to  the  crest  of  a  wave 
travels  at  the  phase  speed 

C  =  (4.65) 

^  K 


specific  to  that  wave  for  a  given  fi’equency  and  wavenumber. 

The  remainder  of  our  theory  assumes  "deep"  water  waves  where 


for  k4»l. 

tanh{kod)  ~  1 


(4.66) 


Accordingly,  the  dispersion  relation  now  becomes 
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(4.67) 


which  satisfies  the  requirement  that  d^co^jldk^  0  for  a  dispersive  wave 
system,  while  the  phase  speed  now  converts  to 


(4.68) 


Equal  contributions  from  the  gravity  and  surface  tension  restoring  forces  to 
the  phase  speed  occur  when  Lq  =  1.73  cm.  For  the  gravity  wave  regime 

Cp  =  -^  =  j-f  for  4  »  1. 73  cm  (4.69) 

and  longer  waves  propagate  faster  than  shorter  ones.  However,  in  the 
capillary  wave  regime 

Cp  =  -^  =  j— 4  for  L,«l.  73  cm  (4.70) 

K  \Pw 

and  the  shorter  waves  lead  the  longer  ones.  Clearly  from  the  direct  relation¬ 
ship  between  phase  speed  and  (4.67),  components  with  different  wavenumbers 
separate  out  in  space  as  they  propagate  for  dispersive  wave  systems. 

While  surface  waves  propagate  with  a  phase  speed,  Cp,  the  particles 
affected  by  these  waves  travel  in  an  orbital  trajectory  with  instantaneous 
horizontal  and  vertical  velocities  designated  by 

Uo  =  cos[k^x  -  (oj;)  (4.71) 

OX 

and 

—h  Z  t  \ 

u)o=^f-  =  -aoO)^e  °  sin[k^x-co^t) 


(4.72) 
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and  accelerations  of 


=  a^cole  sin(k^x  -  (oj) 

and 

^  cos{k^x  -  coj) . 

ot 


(4.73) 

(4.74) 


True  ocean  waves  exhibit  an  important  non-linear  characteristic  due  to  the 
non-circular  orbital  motions  of  the  fluid  particles.  Stokes  provided  a 
second-order  correction  to  the  paths  of  flviid  particles  portrayed  according  to 
linear  wave  theory  (Lighthill,  1978).  Stokes  showed  that  the  time-averaged 
Lagrangian  velocity  of  a  fluid  particle  is  non-zero  through  the  term 


(4.75) 


referred  to  as  the  Stokes'  drift,  which  represents  the  mean  horizontal 
particle  velocity  over  one  wave  period. 

Consider  a  structime  that  is  small  with  respect  to  the  wavelength  of 
the  wave.  For  example,  in  the  case  of  a  cylindrical  cable  "small"  refers  to 
the  diameter-wavelength  ratio.  The  cable  causes  little  interference  or 
change  in  the  wave  kinematics.  As  such,  diffraction  effects  are  negligible 
and  the  drag  and  inertial  components  of  the  wave  forces  become  important 
In  the  analysis  we  arrive  at  the  Morison  equation, 

F,.  =  Fo  +  =  C^d[  +  C„pf  (4.76) 

y  z  )  y  ^  j  ai 


where  Ft  is  the  total  force,  Fd  is  the  drag  force,  Fj  is  the  inertial  force,  Uo  is 
the  horizontal  instantaneous  local  velocity  of  the  wave,  du^ldt  is  the 
horizontal  instantaneous  local  acceleration  of  the  wave,  Cdc  and  Cm  are  the 
drag  and  inertial  coefficients,  and  D  is  the  diameter  of  the  cylinder 
(Sarpkaya  and  Isaacson,  1981).  From  Airy  theory  we  know  that  Uo  and 
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dUoldt  vary  in  magnitude  and  direction  throughout  the  wave  period.  The 
horizontal  velocity  is  maximum  positive  at  the  crest,  maximum  negative  at 
the  trough,  and  zero  at  the  points  halfway  between  the  two.  The  horizontal 
acceleration  is  maximum  positive  at  the  still  water  level  on  the  front  of  the 
wave,  maximum  negative  at  the  rear  of  the  wave  at  the  still  water  level,  and 
zero  at  the  crest  and  the  trough.  Another  factor  to  consider  is  that  in  deep 
water,  the  velocities  and  accelerations  essentially  vanish  with  depth. 
Therefore,  the  velocity  profile  near  the  surface  is  not  uniform  with  depth 
and  adds  to  the  already  complicated  situation. 

Now  let  us  review  the  discussion  of  a  steady  flow  wake  behind  a 
cylinder.  At  1  <  <  50,  attached  vortices  within  the  eddies  in  the  near 

wake  form  and  the  flow  remains  laminar.  In  the  range  of  50  -  200,  the  flow 
remains  laminar  but  the  near  wake  begins  to  oscillate  and  vortex  shedding 
occurs.  Up  to  <  2  -  3  X  10^,  the  vortices  shed  are  tiorbulent  at  birth  and 
the  far  wake  becomes  increasingly  irregular.  The  transitional  period  has 
begun  and  at  jRe  =  5  x  10^  the  flow  undergoes  first  a  laminar  separation  just 
before  the  top  of  the  cylinder,  followed  by  a  reattachment  to  the  cylinder,  and 
then  a  turbulent  separation  to  form  a  narrow  wake.  The  net  result  is  that 
the  area  of  the  large  separation  region  has  decreased  and  the  pressure  has 
almost  come  back  to  the  free-stream  value.  Accordingly,  the  drag  depicted 
in  Figure  4.7  dramatically  decreases,  as  well  as  the  Hft  force.  For  periodic 
flow  around  a  cylinder  (i.e.  wave  motion),  this  drag  and  lift  decrease  may 
occur  at  smaller  Reynolds  numbers.  Finally,  the  drag  coefficient  continues 
to  show  an  increase  up  to  Re  ~  10^.  The  boundary  layer  itself  is  turbiilent 
and  attached  on  the  front  half  of  the  cylinder,  while  separation  occurs 
slightly  earlier  than  before  and  results  in  the  moderate  drag  increase. 

The  Strouhal  number  designates  a  relationship  between  the  vortex 
shedding  frequency,  Fq,  the  cylinder  diameter,  D,  and  the  free  stream 
velocity,  U,  as  detailed  in  (4.3).  A  full  description  of  the  range  of  Strouhal 
numbers  corresponding  to  the  range  of  Reynolds  numbers  discussed  above 
is  tabulated  in  Table  4.1  and  illustrated  in  Figure  4.8.  The  net  result  of  the 
alternate  vortex  shedding  is  an  oscillating  side  thrust,  upon  a  cylinder  in 
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Figure  4.7  Drag  coefficient,  Cd  =  Cdc,  for  circular  cylinders  as  a  function 
of  Reynolds  number  (from  Sarpkaya  and  Isaacson,  1981). 
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Table  4.1  Incompressible  flow  regimes  and  their  consequences  (from 
Sarpkaya  and  Isaacson,  1981). 


A 

Subcrltlcol 

B 

Crltlcol 

Boundory  layer 

laminar 

transition 

turbulent 

turbulent 

Seoarotion 

about  82  deg. 

tronsitlon 

120  -  130  deg. 

obout  120  deg. 

Sheor  layer 
near  separation 

laminar 

lominor  sebo- 
rotion,  bubble 
turbulent 
reattachment 

turbulent 

Strouhal  number 

S  =  0,212-4^ 
Re 

transition 

0.35  -  0.R5 

about  0.29 

Wake 

Re<60  lominar; 
60<Re<5000 
vortex  street 

Re  >  5000 
turbulent 

not 

periodic 

Approximate  Re 
range 

<  2x10^ 

5x10^  -  3x10® 

>  3x10® 

Figure  4.8  The  Strouhal-Reynolds  number  relationship  for  circular 
cylinders  (from  Sarpkaya  and  Isaacson,  1981). 
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the  direction  opposite  the  last  detached  vortex.  A  visual  time  history  of  the 
side  thrust,  or  lift  force,  which  exists  at  practically  all  Reynolds  numbers  is 
offered  in  Figime  4.4,  The  alternate  shedding  vortices  give  rise  to  a 
transverse  pressure  gradient.  Unsteady  hydrodynamic  forces  arising  from 
this  pressure  gradient  can  excite  dynamic  response.  Resonance  can  occmr 
when  the  natural  body  frequency  is  near  the  exciting  frequency. 

Two  scenarios  have  been  proposed  and  could  possibly  exist.  The 
instantaneous  in-line  force  follows  from  Morison's  equation  while  the 
transverse  force  due  to  the  vortex  shedding  described  above  results  from  an 
appropriate  lift  coefficient.  The  exciting  forces  are  particularly  important 
for  bodies  which  may  undergo  in-line  and/or  transverse  oscillations  of  the 
cylinder  since  the  vortex  shedding  frequency  locks  onto  the  frequency  of  the 
trsmsverse  oscillations  of  the  cylinder  when  the  vortex  shedding  frequency 
is  in  the  neighborhood  of  the  natural  frequency  of  the  cylinder.  Even  the 
smallest  transverse  oscillations  of  a  cylinder  (e.g.,  amplitude  of 
oscillation/diameter  =  0.05)  distinctly  regularize  the  vortex  shedding.  The 
shedding  of  vortices  also  gives  rise  to  oscillations  in  the  drag  force  at  a 
frequency  twice  the  vortex-shedding  frequency.  The  magnitudes  of  these 
oscillations  are  relatively  small.  However,  violent  in-line  oscillations  at  a 
frequency  twice  that  of  vortex  shedding  may  develop  and  even  alter  the 
character  of  the  vortex  formation  in  the  near  wake.  All  or  some  of  these 
effects  may  occtu*  in  the  present  situation  of  the  thermal  infrared  wire 
wakes. 

4.7  Recent  Literature 

The  problem  of  the  wake  formation  behind  bluff  bodies  has  received  a 
great  deal  of  attention.  Since  Roshko  (1954)  made  extensive  measiirements 
of  vortex  shedding  frequencies,  copious  articles  have  addressed  the  issue  of 
vortical  wakes  behind  cylinders.  Berger  and  Wille  (1972)  supply  an 
excellent  history  of  periodic  flow  phenomenon.  Many  of  the  articles  have 
spoken  of  the  low  Reynolds  number  flows  in  which  both  oblique  and  parallel 
modes  of  shedding  occur.  Another  feature  of  laminar  vortex  shedding  is 
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the  discontinuous  nature  of  the  Strouhal-Reynolds  niomber  curve.  Slaouti 
and  Gerrard  (1981)  outline  the  end  effects  on  the  wake  of  a  vertically- 
oriented  circular  cylinder  towed  horizontally.  For  a  clean  surface  as  in 
Figure  4.9,  the  vortices  shed  span  wise  from  the  cylinder  align 
perpendicularly  at  the  free  surface  while  the  end  effects  inclinate  the 
vortices  and  eventually  disrupt  the  formations  downstream  near  the 
bottom.  Recently,  Williamson  (1989)  scrutinized  these  observations 
showing  that  oblique  shedding  and  the  Strouhal  discontinuity  are  directly 
related.  Regardless  of  free-stream  timbulence,  non-imiformities  or  cylinder 
vibrations,  the  discontinuity  exists  due  to  the  end  effects  of  the  cylinder  set¬ 
up.  Other  authors  such  as  Roshko  (1961)  have  studied  flows  with  Reynolds 
numbers  over  10000  and  found  that  the  flow  can  be  separated  into  four 
regimes:  subcritical,  critical,  supercritical,  and  transcritical/post- 
supercritical  as  shown  in  Table  4.1.  Bearman  (1969)  supplies  information 
about  the  critical  to  supercritical  regime  and  noticed  a  marked  increase  in 
the  Strouhal  number  from  roughly  0.2  to  0.35  -  0.45  occurs.  I  must 
emphasize  that  only  an  average  Strouhal  number  for  Reynolds  numbers 
exceeding  2  x  10^  can  be  attained.  Sarpkaya  and  Isaacson  (1981)  along  with 
Bearman  (1984)  provide  an  excellent  synopsis  of  the  mechanics  of  vortex 
shedding  including  a  complete  discussion  of  the  frequency  dynamics 
involved.  Regardless  of  the  countless  articles  written  on  the  subject  of 
wakes  and  vortex  shedding,  continued  interest  has  addressed  the  difficult 
problems  at  the  free-surface. 

Traditionally,  the  air-water  interface  has  been  considered  a  "free- 
surface"  assuming  the  stress  tensor  vanishes  everywhere  in  the  air 
domain  with  only  a  constant  ambient  gas  pressure.  Notwithstanding,  Yeh 
(1991)  presents  a  flow  circulation  approach  regarding  the  creation  of 
vorticity  within  a  fluid  domain  by  only  two  mechanisms.  The  first, 
baroclinic  torque,  represents  the  interaction  between  the  density  and 
pressure  gradients  while  the  second,  a  "viscous-shear  torque",  portrays  an 
interaction  of  the  density  gradient  and  viscous  shear  forces.  Extending  the 
argiunent  to  the  air-water  interface,  Yeh  (1992)  approaches  the  problem  as 
a  fluid-fluid  interface  rather  than  a  boundary  surface  on  which  the  stresses 
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Figure  4.9  Effect  of  a  clean  water  surface  on  the  flow  configuration  in  the 
wake  of  a  circular  cylinder  towed  from  right  to  left  at  a  =  127 
(from  Slaouti  and  CJerrard,  1981). 
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vanish  and  finds  the  production  of  vorticity  hy  the  same  mechanisms. 
According  to  Yeh  (1991)  in  fact,  the  small  magnitude  of  the  stress  tensor  in 
air  does  not  necessarily  mean  a  small  magnitude  of  acceleration  caused  hy 
the  net  viscous  force  acting  upon  a  fluid  particle  due  to  the  fact  that  the  air 
density  is  also  small.  He  suggests,  in  essence,  that  small  changes  in 
vorticity  in  the  air  cause  substantial  changes  in  water  vorticity.  The 
application  of  the  "free-surface"  condition  for  an  air-water  interface 
appears  rmjustified  when  considering  vorticity,  and  it  should  be  regarded 
as  a  fluid-fluid  interface. 

Observations  by  many  investigators  support  this  proposal.  Bernal 
and  Kwon  (1989)  found  that  vortex  rings  formed  under  and  initially  parallel 
to  the  air- water  interface  appear  to  break  up  and  connect  to  the  surface. 
Hence,  according  to  Helmholtz’s  theorem  the  vortex  tubes  extend  into  the 
air  domain.  Song  et  al.  (1990)  also  demonstrated  that  for  a  vortex  ring 
approaching  the  air-water  interface  at  an  angle  (20°)  vortices  normal  to  the 
surface  appear  and  persist.  Weigand  and  Gharib  (1994)  report  similar 
bifurcation  and  even  trifurcation  re-connection  patterns  of  vortex  ring 
interaction  with  the  air-water  interface.  Further,  they  suggest  that  these 
strong  vortices  aligned  normal  to  the  surface  persist  and  engulf  the  smaller 
mutually-interacting  structures,  thus  reconcentrating  the  vorticity. 
However,  when  a  vortex  ring  or  pair  interact  with  a  surface  contaminated 
with  surfactant,  the  vortex  rebounds  following  the  production  of  secondary 
vorticity  (Bernal  et  al.,  1989;  Hirsa  et  al.,  1990;  Willert  and  Gharib,  1994). 

Returning  to  the  case  of  wakes,  Hirsa  and  Logory  (1994)  align  a 
surface-piercing  flat  plate  with  a  uniform  flow  and  observe  the  widening  of 
the  wake  as  one  approaches  the  air-water  interface  from  below.  The  peak 
in  the  surface-normal  vorticity,  shows  a  slight  decrease  at  the  siirface  as 
opposed  to  the  deeper  wake.  Also  within  the  surface  layer  (~  3  -  9  mm), 
measurements  indicate  the  presence  of  svuface-parallel  structures  of 
transverse  vorticity,  on  both  sides  of  the  wake  which  align  at  small 
angles  to  the  streamwise  direction.  They  propose  that  these  quasi- 
streamwise  structures  induce  a  velocity  outward,  thus  accounting  for  the 
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observed  doubling  of  the  wake  width.  Sarpkaya  (1994)  provides  a  more 
extensive  treatment  summarizing  the  observations  at  an  air-water 
interface.  As  one  approaches  the  surface  from  below,  amplification  of  the 
streamwise  and  transverse  tmbulent  velocities  occurs,  coupled  with  the 
sh£up  reduction  in  the  vertical  turbulent  velocity.  Thus,  the  turbulent 
kinetic  energy,  or  the  mean  squared  fluctuations,  in  the  vertical  component 
is  only  a  small  fraction  of  the  total  turbulent  kinetic  energy.  Specifically, 
attenuation  of  low  frequency  (large  scale)  vertical  fluctuations  results  in  a 
net  energy  gain  at  the  same  scales  for  streamwise  and  spanvnse 
turbulence.  Lin  and  Pao  (1979)  previously  have  suggested  that  stratification 
inhibits  the  vertical  motion  due  to  the  fact  that  vertical  turbulence  decays 
faster  than  the  horizontal  fluctuations.  Thus,  the  air-water  interface 
behaves  as  a  highly  stratified  fluid  layer  which  actually  redistributes  the 
normal  component  of  turbulent  kinetic  energy  into  streamwise  and 
transverse  components  at  large  eddy  scales  rendering  the  near-surface 
turbulence  anisotropic.  The  predominant  coherent  structures  associated 
with  these  observations  involve  circulating  surface  depressions  whose 
merging  characteristics  lead  to  a  reverse  energy  cascade  and  eddy  longevity 
along  with  large  flattened  eddies.  With  the  onslaught  of  two-dimensional 
turbulence,  vortices  coalesce  giving  rise  to  larger  vortical  structures. 

Much  of  the  current  interest  in  "free-surface"  turbulence  stems  from 
the  application  to  deciphering  remotely  sensed  ship  wakes  on  the  open 
ocean.  There  is  a  growing  effort  to  understand  the  synthetic  aperture  radar 
(SAR)  signature  of  ship  wakes  depicted  in  Figure  4.10.  Milgram  et  al. 
(1993a  and  b)  discuss  the  suppression  of  short  sea  waves  in  the  wakes  of 
ships  and  the  synthetic  aperture  radar  (SAR)  images  they  produce.  Using 
the  techniques  proposed  by  Peltzer  et  al.  (1991)  and  Peltzer  et  al.  (1992), 
sxirface  tension  measiu'ements  along  with  wave  energy  distributions  across 
the  wake  exhibit  a  strong  correlation.  Milgram  et  al.  (1993a  and  b)  suggest 
that  turbulence  and  concentration  of  surfactants  along  the  outskirts  of  the 
wake  caused  by  the  passage  of  a  ship  attenuate  the  short  waves.  The  same 
timbulence  which  attenuates  these  short  waves  could  also  cause  the 
destruction  of  the  cool  skin  layer. 
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Figure  4.10  L-band  SAR  image  of  a  wake  produced  by  a  Navy  ship 

travelling  at  25  knots  (12.9  m/s)  with  a  5  knot  (2.6  m/s)  tailwind 
from  the  port-stem  quarter  on  January  28,  1989.  R/V  Garnet 
Banks  made  surface  tension  measiirements  at  the  time.  The 
length  of  the  wake  shown  in  the  image  is  6.9  km  (from  Peltzer 
et  al,  1991). 
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Notwithstanding,  thermal  wake  detection  has  had  only  a  sprinkle  of 
interest  in  the  published  literature.  Garber  et  al.  (1945)  initially  used 
bath5d;hermograph  soundings  coupled  with  thermopiles  at  different  depths 
in  an  attempt  to  track  ships.  More  recently,  Peltzer  et  al.  (1987)  made 
cursory  measurements  of  the  infrared  and  microwave  signatures  of  ship 
wakes.  Figures  4.11a  and  b  show  that  the  cool  da5dime  wakes  treated  with 
an  organic  siu*factant,  oleyl  alcohol,  were  more  intense  and  persistent  than 
the  imtreated  wakes.  They  attribute  the  lack  of  re-entry  of  warmer  surface 
water  into  the  cool  turbulent  wake  to  the  inhibition  of  surface  dispersive 
processes  by  the  organic  film.  Schwartz  and  Priest  (1988)  have  studied  the 
effect  of  sky  reflection  and  found  that  an  infrared  thermal  ship  wake  can 
appear  even  in  the  absence  of  an  actual  temperature  difference.  Cervenka 
(1989)  used  a  computer  model  to  predict  the  thermal  macrowake  and  to 
compare  with  the  infrared  image.  He  reports  an  excellent  simulation 
which  fit  the  measurements.  Indeed,  Peltzer  et  al.  (1987),  Schwartz  and 
Priest  (1988),  and  Cervenka  (1989)  all  have  studied  infrared  ship  wakes,  but 
more  probing  research  into  the  effective  factors  and  dynamical 
characteristics  of  wakes  at  the  air-sea  interface  is  needed  in  addition  to  an 
xmderstanding  of  the  free-surface  flow  structure.  Moreover,  most  of  the 
work  with  infrared  ship  wakes  has  been  performed  during  the  day  when 
the  skin  layer  is  warm  as  opposed  to  the  cool  skin  layer  at  night.  One  might 
expect  then  at  night  to  detect  warm  wakes. 
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Figure  4. 11  Thermal  infrared  wake  signatures  of  the  USNS  Hayes 

traveling  from  right  to  left  in  the  image,  a)  On  July  13,  1982, 
the  images  were  taken  from  a  flight  altitude  of  457  m  with  the 
wake  segments  4960  m  long,  b)  On  July  14,  1982,  the  images 
were  taken  from  a  flight  altitude  of  305  m  with  the  wake 
segments  6380  m  long  (from  Peltzer  et  al,  1987) 


CHAPTERS 


Exx>eriinental  Results  and  Discussion 


5.1  Introduction 

In  January  1992,  the  Applied  Physics  Laboratory  (APL)  in  Seattle 
collected  an  extensive  data  set  400  nautical  miles  ofif  the  coast  of  San  Diego 
aboard  the  Floating  Instrument  Platform  (FLIP).  The  impetus  arose  from 
the  necessity  to  improve  our  imderstanding  of  both  the  atmospheric  and 
oceanic  factors  influencing  infrared  remote  sensing  of  the  sea  smiace.  In 
the  process,  we  discovered  numerous  featmes  illustrating  the  spatial  and 
temporal  variability  of  infrared  sea  surface  temperature  (IR  SST). 
Furthermore,  we  repeatedly  observed  a  distinct  infrared  signature  of 
surface  wakes  generated  by  two  instnxment  cables  hanging  from  FLIP'S 
port  boom.  Prior  to  an  analysis  of  these  featmes,  it  is  essential  to  outline 
the  instrumentation  and  data  collection  procedure. 

5.2  Instrumentation 

In  the  past,  oceanographers  primarily  used  narrow  beam 
radiometers  for  a  point  measurement  of  the  sea-surface  temperature.  APL 
employed  three  radiometers,  two  Heimann  model  KT-19  instruments  and 
one  Barnes  model  PRT-5.  All  three  possess  approximately  a  2°  field-of-view 
in  the  spectral  range  from  8  to  14  pm  with  a  manvifactmer's  specified 
absolute  accuracy  of  ±  0.5  °C.  From  calibrations  performed  in  the  field  and 
discussed  in  Section  5.5,  the  absolute  accuracy  reached  ±0.1  °C.  Mounted 
on  FLIP'S  instrument  boom  at  a  height  of  10  m,  the  narrow  beam 
radiometers  measured  the  average  IR  SST  from  a  spot  size  of  0.4  m  in 
diameter.  The  PRT-5  specifications  stipulate  a  sensitivity  of  better  than  0.1 
°C  at  a  response  time  of  50  milliseconds  for  all  ranges  of  target 
temperatures,  while  the  KT-19  quotes  the  same  sensitivity  at  a  response 
time  of  0.3  seconds  looking  at  a  20  °C  target.  The  fact  that  the  sensitivity  of 
the  KT-19  varies  with  target  temperature  and  response  time  does  not  affect 
our  range  of  temperature  measurements  from  12  to  17  °C.  However,  we 
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found  that  the  Heimann  model  KT-19  drifted  during  the  day  when  diurnal 
solar  heating  directly  affects  the  instrument.  The  top  of  Figure  5.1 
highlights  the  comparison  of  the  uncalibrated  measurements  made  by  the 
KT-19  and  PRT-5.  During  the  night  and  early  morning,  both  measured  the 
identical  changes  in  IR  SST,  though  without  calibrated  absolute  accuracy. 
In  contrast,  during  the  day  the  rmprotected  instruments  appeared  to  drift 
relative  to  each  other.  Because  the  instruments  were  not  shielded  from 
direct  solar  radiation,  the  KT-19  heated  up  significantly  as  evidenced  by  the 
measimed  internal  temperature  shown  at  the  bottom  of  Figure  5.1.  The  KT- 
19  measures  the  temperature  of  an  internal  blackbody  and  performs  a  one- 
point  calibration.  Drastic  temperature  changes  corrupt  the  internal 
calibration  of  the  KT-19.  From  laboratory  experiments,  we  observed  that  the 
KT-19,  while  measuring  a  constant  temperature  target  of  24  °C,  does  in  fact 
drift  nearly  0.3  °C  during  a  10  °C  increase  in  internal  temperature  as 
shown  in  Figure  5.2.  The  PRT-5  sets  an  internal  reference  blackbody  at  40 
°C  and  is  thus  unaffected  by  solar  heating.  We  believe  that  the  relative  drift 
exhibited  in  the  field  was  solely  due  to  the  Heimann  model  KT-19  based 
upon  our  laboratory  verification  and  knowledge  of  how  the  PRT-5  and  KT-19 
work.  Hence,  all  of  the  following  IR  SST  measurements  will  refer  to  the 
Barnes  model  PRT-5. 

In  conjunction  with  the  narrow  beam  radiometers,  APL  utilized  an 
infrared  imager  made  by  Agema.  The  Thermovision  880  model  longwave 
infrared  scanner  provided  a  40°  field-of-view  in  the  spectral  range  of  8  to  12 
|j,m  with  a  maniifacturer's  stated  absolute  accuracy  of  ±  2.0  °C.  The  noise 
equivalent  temperature  (NET)  of  0.05  °C  allows  for  the  detection  of  minute 
variations  in  temperature  for  use  as  a  flow  visualization  tool.  Agema 
provided  a  PC-based  system  complete  with  the  CATSE  software  package 
allowing  for  display  and  manipulation  of  the  scanner  images.  The  scanner 
outputs  4  fields  of  data  per  frame  at  a  field  rate  of  25  Hz  or  frame  rate  of  6.25 
Hz.  However,  the  CATSE  system  is  only  able  to  digitize  2  of  the  4  fields  per 
frame  resiilting  in  an  image  size  of  140  x  140  pixels.  As  with  any  optical 
instrument  with  a  large  field-of-view,  the  scanner  significantly  distorts  the 
image  spatially  as  seen  in  Figure  5.3.  The  figure  displays  the  heat 
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Figure  5.1  Comparison  of  KT-19  and  PRT-5  measurements  of  IR  SST  and 
the  effect  of  internal  instrument  heating. 
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Figure  5.2  Typical  result  of  laboratory  tests  conducted  on  the  effect  of 
intense  heating  on  the  KT-19.  The  KT-19  measurement  of  a 
constant  temperature  target  at  24  °C  drifts  nearly  0.3  °C  during 
a  10  °C  increase  in  internal  instrument  temperature. 
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Figure  5.3 


! 


! 


Infrared  image  showing  the  spatial  distortion.  Candles 
spaced  evenly  (roughly  12  cm  apart)  provide  the  heat  detected 
by  the  scanner. 


126 


generated  by  candles  equidistant  from  each  other  (roughly  12  cm  apart) 
with  a  few  placed  on  the  left  and  right-hand  sides  to  fi*ame  the  image.  At  a 
distance  1  meter  above  the  viewing  plane  and  an  incidence  angle  of  20°,  the 
scanner  foreshortened  in  the  vertical  and  converged  in  the  horizontal 
approaching  the  top  of  the  image.  In  order  to  correct  for  distortion,  we 
developed  a  scheme  which  calculated  spatial  positions  according  to  pixel 
values  from  the  image  to  produce  the  resialt  in  Figure  5.4.  The  result 
corroborated  the  calculations  from  geometric  considerations  alone. 
Therefore,  10  meters  above  the  ocean  surface  at  an  incidence  angle  of  20° 
the  scale  of  a  scanner  image  was  roughly  7.7  m  wide  at  the  base,  10.0  m 
wide  at  the  top,  and  9.3  m  tall.  Unless  otherwise  noted,  the  scanner  was 
usually  oriented  parallel  to  the  port  boom  such  that  it  viewed  the  surface 
directly  under  the  boom. 

A  wave-following  thermistor  chain  using  Sea-Bird  model  SBE-3 
oceanographic  thermometers  provided  the  vertical  profile  of  temperature 
below  the  ocean  surface  at  depths  of  0.1,  0.5,  1.0,  2.0,  and  5.0  meters. 
Propeller  and  vane  anemometers  at  10  m  and  25  m  monitored  the  wind 
speed  and  direction.  The  R.  M.  Young  Wind  Monitor-RE  model  05701 
mounted  on  the  10  m  port  boom  has  a  manufacturer’s  stated  speed 
threshold  sensitivity  of  0.2  m/s  with  a  direction  sensitivity  of  0.4  m/s  at  10° 
displacement  (0.6  m/s  at  5°  displacement).  Likewise,  an  R.  M.  Young  Wind 
Monitor-AQ  model  05305  moimted  on  the  mast  at  a  height  of  25  m  has  a 
manufacturer's  stated  speed  threshold  sensitivity  of  0.4  m/s  along  with  a 
direction  sensitivity  of  0.5  m/s  at  10°  displacement  (0.7  m/s  at  5° 
displacement).  Concurrently,  an  R.  M.  Yoimg  aspirated  slow-response 
thermistor  measured  the  air  temperature,  and  a  shielded  Rotronics  probe 
model  41367  monitored  the  relative  humidity.  An  Eppley  model  PSP 
upward-looking  hemispheric  pyranometer  measured  the  solar  irradiance. 
In  addition,  an  Eppley  model  PIR  upward-looking  hemispheric 
pyrgeometer  measured  the  irradiant  longwave  radiation  from  the  sky. 
Finally,  a  commercially  available  Delavan  model  C/420-0  liquid  level  meter 
and  a  scatterometer  nadir  to  the  surface  used  as  an  altimeter  provided 
complementary  measurements  of  surface  displacements.  The  iT^-Band 
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continuous  wave  scatterometer  used  aboard  FLIP  returned  a  signal  from 
the  illuminated  area  of  a  1.5  m  spot  and  was  similar  in  design  to  the  one 
described  by  Keller  and  Plamt  (1990).  Figure  5.5a  shows  FLIP  prepared  to 
make  measurements  with  the  thermistor  chain  hanging  from  the  boom 
before  deployment.  Figure  5.5b  shows  some  of  the  instrumentation 
mounted  on  and  deployed  from  the  port  boom. 

The  wire  wave  gauge  malfunctioned  at  times  because  of  an 
intermittent  grounding  problem.  Moreover,  the  wire  wave  gauge’s 
continually  noisy  signal  questioned  the  very  nature  of  the  gauge's  ability  to 
make  correct  measin”ements  and  suggested  it  might  actually 
underestimate  the  wave  height.  Due  to  these  difficulties,  our  confidence  lay 
with  the  altimeter  as  it  was  more  reliable  and  precise  than  the  wire  wave 
gauge.  Figure  5.6  shows  a  comparison  between  the  altimeter  and  the  wire 
wave  gauge.  The  method  for  determining  the  period  of  individual  waves  is 
to  measure  the  timespan  between  zero  crossings  on  the  up-slope  of  the 
surface  displacement  time  series.  The  wave  height  is  defined  as  the 
difference  between  the  maximum  and  minimum  surface  displacement 
within  that  period.  From  Figure  5.6,  we  observe  that  the  wire  wave  gauge 
actually  xmderestimates  the  wave  heights  by  nearly  20  %  for  larger  waves 
and  25  to  30  %  for  smaller  waves.  Though  more  desirable,  the  altimeter 
was  used  intermittently  during  the  measurement  period  considered  here. 
As  the  wire  wave  gauge  provided  more  continuous  data,  it  was  utilized 
unless  otherwise  noted  that  the  radar  was  turned  on  simultaneously. 

During  the  initial  mounting  of  the  instruments,  the  reflection  of  the 
boom  into  the  field-of-view  of  the  infrared  sensors  was  observed.  Figure 
5.7a  displays  the  visual  reflection  of  the  port  instirunent  boom  on  the  water 
surface  under  calm  conditions.  As  mentioned  previously,  Simpson  and 
Paulson  (1980)  made  similar  measurements  aboard  FLIP  mounting  a  PRT- 
5  at  nadir  incidence  from  the  boom.  They  argued  in  their  appendix  that  the 
effect  of  reflected  radiation  from  the  boom  was  negligible.  However,  Figure 
5.7b  shows  the  apparent  change  in  the  temperature  of  the  sea  surface  due  to 
its  deviation  from  unity  in  emissivity.  The  visual  reflection  of  the 


Figure  5.5a-b 


Photographs  showing  instrument  deployment  aboard 
FLIP.  In  the  bottom  photograph  (b),  note  the  surface¬ 
piercing  cables  at  the  end  of  the  boom  and  the  thermistor 
chain  buoy  in  the  lower  right  comer. 


See  Plate  in  Appendix. 
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Figure  5.6  Comparison  of  the  wire  wave  gauge  and  the  altimeter.  The 
wire  wave  gauge  imderestimates  the  heights  of  the  larger 
waves  by  20%  and  the  smaller  ones  by  25  -  30%.  The  wave 
periods  agree  satisfactorily. 


Figure  5.7a-b  a)  Photograph  of  the  boom  reflection  on  the  sea  surface. 

b)  Corresponding  image  of  infrared  reflection  of  the 
boom  while  looking  down  at  the  sea  surface  and  oriented 
parallel  to  the  boom. 


See  Plate  in  Appendix. 
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instrument  boom  corresponds  directly  to  the  infrared  reflection  of  the 
radiation  given  off  by  the  port  boom.  The  boom's  reflection,  roughly  0.4  °C 
greater  than  the  background  image  temperature,  is  located  in  the  center  of 
Figure  5.7b  and  extends  to  the  base  of  the  image.  While  the  boom  reflection 
caused  an  apparent  change  in  temperature,  the  instrument  cables  in  the 
upper  left  portion  of  the  image  produced  a  real  one.  The  cables  provided  a 
disruption  of  the  cool  skin  layer  which  allowed  the  warmer  water  from 
below  to  mix  to  the  surface.  The  wakes  emanating  from  the  cables  reached 
temperatures  roughly  0.4  °C  greater  than  the  skin  layer.  The  errors 
induced  by  the  boom  reflection  had  the  same  order  of  magnitude  as  these 
wake  signatures.  To  avoid  reflections  from  the  instrument  boom,  the  KT-19 
and  PRT-5  mounted  on  the  boom  aimed  at  an  incidence  angle  of  15°  for  most 
of  the  experiment.  Likewise,  the  upward-looking  KT-19  aimed  at  a 
corresponding  zenith  angle  of  15°  and  was  used  to  correct  for  sky  reflection. 

5.3  Observations  and  Analysis  of  Wake  Signatures 

The  cool  skin  effect  at  the  air- water  interface  provides  a  means  to 
detect  and  characterize  the  infrared  signature  of  free-surface  wakes. 

Aboard  FLIP,  two  instrument  cables  deployed  from  the  port  boom,  each  1 
centimeter  in  diameter,  pierced  the  ocean  surface  as  seen  in  Figure  5.5b. 
The  wire  wave  gauge  cable  was  the  one  located  farthest  out  on  the  boom. 

Due  to  the  groimding  problems,  the  wire  wave  gauge  was  modified  by 
attaching  to  the  cable  1"  diameter  PVC  tubing  cut  into  1"  sections  spaced  at 
1  m  intervals.  A  0.25  cm  grounding  cable  was  then  attached  to  these  PVC 
sections,  separating  it  from  the  wave  gauge  cable.  In  addition  to  the 
grounding  wire  attachment,  the  wave  gauge  cable  was  greased  twice 
within  a  twenty-four  hour  span,  once  at  16:00  on  January  23rd  and  again  at 
11:37  on  the  24th.  The  grease  wore  off  the  cable  initially  resulting  in  the 
second  greasing.  We  assumed  most  of  the  grease  wore  off  the  cable 
following  the  second  greasing.  Since  FLIP  drifted  freely  and  water  waves 
propagated  past,  wakes  emanated  continuously  from  the  cables.  The 
disturbance  produced  by  the  relative  flow  past  the  cables  ruptured  the  skin 
layer  and  mixed  the  warmer  bulk  water  from  below  to  the  surface.  The 
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resulting  change  in  sxnface  temperature  against  the  background  of  the  pre¬ 
existing  cool  skin  layer  allowed  for  the  detection  of  the  warm  wakes  shown 
in  the  upper  left  comer  of  Figure  5.7b.  However,  the  wakes  did  not  always 
form  these  ordered  structures  due  to  the  wave-current  alignment. 
Frequently  when  the  waves  and  current  were  not  aligned,  the  wakes 
appeared  to  wind  aimlessly  due  to  a  swooping  nature  of  the  flow,  which 
carved  out  the  wake  pattern  on  the  surface  as  seen  in  Figure  5.8.  The 
environmental  conditions  present  during  the  discovery  of  these  two  types  of 
wake  patterns  are  outlined  in  Table  5.1.  Case  1  represents  the  ordered 
stmcture  and  Case  2  the  serpentine.  Notice  the  extremely  low  wind  speed 
in  both  of  these  cases.  Grassl  (1976)  believes  that  conditions  of  dominant 
free  convection  do  not  occur  when  drift  currents  as  small  as  0.5  m/s  and 
extremely  slight  wind  conditions  exist.  Katsaros  (1977),  however,  citing 
Hasse  (1971),  emphasizes  that  even  with  no  mean  water  currents  and  with 
the  wind  speed  dropping  below  2  m/s,  free  convection  is  likely  to  dominate. 
The  environmental  conditions  present  during  Cases  1  and  2  might  have 
induced  free  convection  in  light  of  the  small  ocean  currents  of  25  cm/s  on 
average  for  the  experiment. 

The  formation  of  the  wake  pattern  was  directly  related  to  FLIP'S 
drifting  with  the  current  combined  with  water  waves'  oscillatory  motion 
past  the  cable.  For  Case  1  on  January  26,  the  wakes  in  Figure  5.7b 
highlight  the  distinctive  formation  that  occurred  when  the  waves  and 
current  align.  The  large  turbulent  patches  coupled  with  the  long  slender 
wakes  indicate  a  continually  pulsating  flow.  Figure  5.9  depicts  the 
arrangement  of  environmental  conditions  for  Case  1.  According  to  the  GPS 
(Global  Positioning  System)  data  taken  every  20  minutes,  FLIP  drifted 
bearing  306°  at  15  cm/s  with  an  orientation  of  280°  (the  heading  of  the  keel 
which  usually  aligns  with  the  wind).  All  directions  were  measured  in 
degrees  True  throughout  the  experiment.  From  the  scanner  image,  we 
observed  that  FLIP  drifted  against  the  c\irrent  (heading  126°)  as  the  swell 
approached  from  the  west  at  270°  or  280°  according  to  FLIP'S  watch  log  kept 
by  the  crew.  Thus,  the  alignment  of  the  long  waves  and  the  current 
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Figure  5.8  Infrared  image  of  the  serpentine  nature  of  the  wakes 

emanating  from  the  instrument  cables  when  the  waves  and 
current  are  not  aligned.  The  wakes  are  located  in  the  upper 
left  corner.  A  guy  wire  rims  diagonal  through  the  image. 
Hints  of  boom  reflection  appear  below  the  wakes. 


See  Plate  in  Appendix. 
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Table  5.1  Environmental  conditions  for  Cases  1  and  2. 


Case 

1  -  Ordered 

2  -  Serpentine 

Date 

January  26,  1992 

January  25,  1992 

Time 

19:31— >20:40  PST 

19:10— >19:50  PST 

Wind  Speed 

2.1  ±  0.2  m/s 

1.0  ±  0.2  m/s 

Wind  Direction  (True) 

284°  ±9° 

25°  ±10° 

Drift  Speed 

15  cm/s 

12  cm/s 

Drift  Direction  (True) 

302°  ±15° 

296°  ±  6° 

Compass  Heading  (True) 

270°  ±8° 

19°  ±6° 

Wave  Direction  (True) 

-270° 

-270° 

Air  Temperature 

Steadily  Decreasing 
14.7  °C  to  14.6  °C 

Steadily  Decreasing 
14.6  °C  to  14.4  °C 

Relative  Humidity 

88.9  %  ±  0.6% 

Steadily  Increasing 
92.7  %  to  93.5  % 

T  @  0.1  cm 

14.34  °C  ±  0.01  °C 

14.78  °C  ±  0.06  °C 

T  @  0.5  cm 

14.35  °C±  0.01  °C 

14.78  °C  ±  0.06  °C 

T  @  1.0  m 

14.34  °C±  0.01  °C 

14.69  °C±0.11  °C 

T@2.0m 

14.35  °C  ±  0.01  °C 

14.33  °C±0.15  °C 

T@5.0m 

14.31  °C±  0.01  °C 

13.93  °C  ±  0.06  °C 
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Drift 
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306° 


Figure  5.9  Arrangement  of  the  environmental  conditions  for  Case  1.  All 
directions  are  in  degrees  True.  Drift  course  is  determined 
from  the  GPS  data  retrieved  every  20  minutes. 
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producing  large  variations  in  relative  flow  past  the  cables  allowed  for  the 
ensuing  cyclic  portrayal  in  Figure  5.10  (more  detailed  look  at  Figure  5.7b). 

As  the  crest  of  the  wave  propagated  past  the  cable,  the  maximum 
positive  orbital  velocity  in  the  direction  of  the  current  resiilted  in  a 
substantial  relative  flow  past  the  cable.  A  large  surface  motion  induced  by 
the  relative  flow  produced  a  long  slender  wake  because  the  cable  remained 
stationary  relative  to  the  large  siuface  motion.  Conversely,  as  the  trough  of 
the  wave  passed  the  large  patch-like  features  formed.  The  current  and 
orbital  velocities  counteracted  each  other  leaving  the  surface  relatively 
motionless,  allowing  the  wire  to  interact  with  its  own  wake  for  an  extended 
period  of  time.  Any  slight  surface  motion  due  to  the  smaller  wind  waves 
resulted  in  an  additional  interaction  of  the  cable  within  its  own  wake.  The 
in-line  force  produced  from  the  passage  of  the  swell  crest  caused  the  cable 
to  swing  gently,  with  the  same  magnitude  as  any  surface  motion  induced 
from  the  existing  current  or  smaller  wind  and  gravity  waves. 

F\arthermore,  the  transverse  forces  on  the  cable  accentuated  its  motion, 
resulting  in  more  concentrated  mixing  within  the  recently  disturbed 
slender  wake.  Upon  passage  of  yet  another  wave  crest,  the  turbulent  patch 
accelerated  away  from  the  cable,  increasing  the  level  of  disruption  within 
the  patch  and  forming  another  long  slender  wake.  The  large  circular 
turbiilent  patches  were  on  the  order  of  1  meter  in  diameter  while  the  long 
slender  wakes  were  only  a  few  tens  of  centimeters  in  width(<  25  cm).  The 
previous  depiction  of  the  pulsating  wake  formation  indicates  that  large- 
scale  vortex  shedding  (eddies  >  1  m)  did  not  produce  these  patterns. 
Nonetheless,  the  relative  flow  past  the  cable  would  generate  vortex 
shedding  with  eddies  on  the  order  of  the  cable  diameter  (1  cm). 

Remarkably,  the  wire  was  only  1  centimeter  in  diameter  and  still  produced 
significantly  large  structures,  roughly  100  times  the  size  of  the  cable.  The 
structures  persisted  within  the  field-of-view  of  the  scanner  for  nearly  60 
seconds  imtil  they  drifted  out  of  the  image  in  the  direction  of  the  mean 
current. 
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Figure  5.10  Time  series  of  infrared  images  depicting  the  ordered  wakes 
emanating  from  the  surface-piercing  cables  under  low  wind 
conditions  when  the  swell  waves  propagate  in  the  direction  of 
the  current.  The  long  slender  wakes  develop  by  the 
superposition  of  the  crest  of  the  swell  and  the  current 
velocities.  The  patches  form  when  the  velocity  in  the  trough 
counteracts  the  current.  The  cable  diameter  is  1  cm  while  the 
patches  are  on  the  order  of  1  m. 


See  Plate  in  Appendix. 
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For  Case  2  on  January  25,  FLIP  drifted  in  the  direction  of  296°  at 
roughly  12  cm/s  while  its  orientation  was  17°  as  depicted  in  Figure  5.11. 
From  the  scanner  images,  the  current  driving  FLIP  was  assumed  greater 
than  the  drift  speed  and  in  the  same  direction,  since  no  record  of  current 
speed  or  direction  was  available  at  that  time.  The  port  boom,  located  90° 
counter-clockwise  from  the  keel,  pointed  with  the  drift  and  current 
allowing  the  wakes  to  disappear  towards  the  top  of  the  image  with  the  mean 
current.  However,  the  swell  approached  the  cables  from  the  west  at  260°  or 
270°  according  to  FLIP'S  watch  log  kept  by  the  crew.  Figure  5.12  displays  a 
typical  progression  of  the  wake  formation  for  Case  2  as  a  wave  (period,  Tq  = 
9.9  s,  and  height,  Ho  =  2.7  m)  passed  by  the  cable  from  a  different  direction 
than  the  cxurent.  In  this  case,  we  used  the  altimeter  data  to  calculate  the 
wave  height  and  period.  Again,  the  relative  flow  past  the  cable  due  to  the 
oscillatory  wave  motion  and  the  mean  current  drives  the  evolution  of  the 
wakes.  According  to  linear  wave  theory,  the  maximum  positive  orbital 
velocity  of  87  cm/s  at  the  crest  generated  a  large  swooping  motion 
downward  in  the  image.  As  the  current  continued  past  the  cable,  the  wake 
structure  was  displaced  slightly.  Upon  the  return  of  the  maximum 
negative  orbital  velocity  in  the  trough,  the  cable  carved  out  the  completion  of 
a  backwards  "C"  structure.  Less  exaggerated  surface  motion  due  to  the 
smaller  wind  waves  incited  the  smaller  wake  disturbances.  These  wakes 
mimicked  the  long  slender  wakes  formed  in  Case  1.  The  cycle  continued 
with  some  regularity  according  to  the  size  and  period  of  the  swell. 
Downstream,  however,  the  wake  structures  dispersed  and  interacted  with 
each  other  evolving  into  a  wider  less-defined  surface  pattern. 

We  now  return  to  the  patch-like  formations  emanating  from  the 
cables  exemplified  by  Case  1.  Following  a  single  patch  evolution 
throughout  its  prolonged  existence  illustrates  the  growth  and  decay 
patterns  commonly  observed.  Figure  5.13  shows  the  time  series  of  a  patch¬ 
like  wake  produced  from  a  wave  (period,  To  =  6.4  s,  and  wave  height.  Ho  = 
1.0  m).  The  first  image  (/  =  0.00  s)  displays  the  uniform  undisturbed  cool 
skin  layer.  The  strong  acceleration  and  deceleration  of  the  relative  flow  as 


140 


FLIP'S 


Wind 

From 

25° 


Current 


Figure  5.11  Arrangement  of  the  environmental  conditions  for  Case  2.  All 
directions  are  in  degrees  True.  Drift  course  is  determined 
from  the  GPS  data  retrieved  every  20  minutes. 
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Figure  5.12  Time  series  of  infrared  images  depicting  the  serpentine  wakes 
emanating  from  the  cables  when  the  waves  and  current  are 
not  aligned. 


See  Plate  in  Appendix. 


142 
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Figure  5.13  Time  series  of  infrared  images  following  one  particular 
turbulent  patch.  The  image  size  is  roughly  1.5  m  x  1.5  m. 
When  the  temperature  within  the  patch  reaches  a  maximum, 
the  patch  continues  to  grow  in  size.  Upon  maximum  spatial 
growth,  the  wake  recovers  substantially  as  it  propagates  off  the 
image  after  roughly  41  seconds. 


See  Plate  in  Appendix. 
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the  crest  passed  with  an  orbital  velocity  of  51  cm/s  caused  a  range  of 
Karman  vortex  shedding  as  observed  from  an  impulsively  started  and 
stopped  cylinder  in  Section  4.2.  The  disturbance  associated  with  the  chaotic 
flow  initiated  the  breakage  of  the  skin  layer.  With  the  slight  relative  flow 
related  to  the  arrival  of  the  trough,  the  cable  interacted  within  this  newly 
generated  turbulent  wake  and  evolved  into  an  impressive  patch.  The  next 
swell  crest  traveled  by  and  the  surface  motion  accelerated  the  patch  away 
from  the  cable.  The  temperature  within  the  wake  reached  a  maximiim  at  t 
=  5.92  seconds  denoted  by  the  white  area  within  the  images.  The 
disturbance,  however,  continued  to  spread  rupturing  the  previously 
undisturbed  surface  skin  layer  for  some  time  after  the  initial  patch 
developed  (the  time  is  on  the  order  of  2  times  the  Tq  which  created  the 
disturbance).  The  turbulent  patch  proceeded  to  grow  in  size  even  though 
the  cable  no  longer  interacted  within  it.  Finally,  the  patch  reached  a  peak 
width  and  slowly  decayed  in  size  with  time  until  it  eventually  drifted  off  the 
image  after  approximately  41  seconds. 

Quantitative  analysis  of  the  size,  temperature,  and  duration  of  the 
wake  structures  required  an  objective  technique  to  measure  the  patch 
widths  and  temperature  differences.  Taking  a  cross-section  of  the 
turbulent  patch  from  the  image  in  both  the  x-  and  y-directions  resulted  in  a 
roughly  Gaussian  distribution  of  temperature,  T,  against  position  in  pixels, 
Xp  or  yp.  Figure  5.14  presents  some  cross-sectional  profiles  of  temperature 
from  the  same  wake  in  Figure  5.13  at  different  stages  of  development. 
Finding  the  first  moment  of  the  distribution  for  the  ac-direction  slice 

^  ^  jxpT(Xp)dXp 

jT(Xp)dXp 

gives  the  mean  of  the  distribution.  Taking  the  second  moment  results  in 
the  variance  whose  square  root  is  the  standard  deviation 


Temperature  (°C) 
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Figure  5.14  Cross-sectional  profiles  of  temperature  from  the  same  wake  in 
Figure  5.13  at  different  stages  of  development.  The 
characteristic  wake  dimension,  h,  approximates  the  size  of  the 
patch  while  Tmax  -  Tamb  measures  the  ATuj.  While  the 
temperature  within  the  patch  begins  to  diminish,  the  patch 
continues  to  enlarge  spatially. 
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v2 

jT(Xp)dXp 


(5.2) 


Adding  and  subtracting  the  standard  deviation  from  the  mean  provided  two 
positions  in  pixels,  which  when  converted  to  distance  and  differenced 
provided  the  wake  width.  Repeating  the  process  for  the  ^'-direction  cross- 
section  and  averaging  the  x  and  y  wake  widths  resulted  in  the 
characteristic  wake  dimension,  6,  in  meters  used  in  the  analysis.  Also,  we 
defined  the  temperature  difference,  ATw,  across  the  patch  as  the  maximum 
temperature,  Tmax,  attained  within  the  turbulent  patch  and  the  undisturbed 
skin  layer  temperature,  Tamh-  Figure  5.14  reveals  that  the  wake  grew  in 
size  and  temperature  from  its  initial  stages  until  the  temperature  within 
the  wake  reached  a  maximum.  Astonishingly,  while  the  temperature 
within  the  patch  began  to  diminish,  the  patch  continued  to  grow  spatially 
signifying  some  level  of  disruption  of  the  skin  layer. 

Conventionally,  the  wake  of  a  bluff  body  has  been  characterized  by 
the  Re3molds  number 


Re^=^D  (5.3) 

V 

where  =  cLoCOq  represents  the  maximum  orbital  velocity  in  this  case  and 
D  is  the  diameter  of  the  cable  (1  cm).  The  wave  which  produced  the  patch¬ 
like  wake  in  Figure  5.13  generated  a  flow  characterized  by  a  Reynolds 
number  of  Rco  =  5.05  x  10^.  Clearly,  the  instantaneous  velocity  would  have 
changed  rapidly  as  a  wave  propagated  past  the  cable  due  to  the  imsteady 
nature  of  the  flow.  Actually,  the  instantaneous  velocity  past  the  cable  would 
have  increased  when  considering  the  effect  of  the  background  current 
superimposed  on  the  maximum  orbital  velocities  during  the  passage  of  a 
crest  as  opposed  to  a  surface  velocity  =  0  in  the  trough.  Also,  the  analysis 
underestimated  the  orbital  velocity  since  we  have  used  the  wire  wave  gauge 
data  to  determine  the  wave  height.  In  fact,  the  average  velocity  of  the 
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horizontal  surface  motion,  u^c,  determined  from  the  scanner  images  as  a 

crest  passed  was  70  cm/s  compared  to  50.5  cm/s  calculated  as  the 
maximum  orbital  velocity.  While  was  not  an  instantaneous  velocity 

(averaged  over  2  seconds),  it  verified  that  the  superimposed  current  and  the 
underestimation  of  the  wave  conditions  resulted  in  an  rmderestimated 
Reynolds  number  calculated  from  the  maximum  orbital  velocity  alone.  As 
pointed  out  in  Table  4.1,  wakes  in  general  become  turbulent  for  Re  >  5000 
which  was  the  case  here  when  considering  the  effect  due  to  the  current 
alone.  Free  stream  or  shear-generated  turbulence,  which  must  exist  on  the 
open  ocean  for  the  molecular  sublayer  to  develop,  res\alts  in  a  lower 
threshold  necessary  for  the  wakes/patches  to  be  turbulent.  The  flow  needed 
to  create  a  turbvJent  wake  when  free  stream  turbulence  exists  decreases 
and  the  Reynolds  number  associated  with  this  flow  is  reduced.  Therefore, 
the  deduction  that  these  wakes/patches  were  turbulent  is  justified. 

However,  the  conventional  Reynolds  number  was  not  the  most 
appropriate  characterization  of  the  disturbance  producing  these  wake 
signatures.  Figure  5.15  depicts  three  examples  of  the  time  series  produced 
when  performing  the  analysis  of  the  characteristic  wake  dimension 
outlined  previously.  The  three  examples  display  2nd  order  polynomial  fits 
and  exhibit  the  effects  of  varying  wave  heights  and  periods.  We  observed 
that  larger  waves  generated  larger  more  persistent  patches,  as  the  wakes 
formed  continuously  with  the  periodicity  of  the  wave  field.  As  a  separate 
wave  created  each  turbulent  patch,  we  chose  to  characterize  the  magnitude 
of  the  wave  disturbance  by  a  wave  Re5molds  number 

Re^=9A  (5.4) 

vk^ 

based  upon  the  maximum  orbital  velocity,  =  a^co^ ,  and  the  wavenumber, 
ko-  Clearly,  the  larger  waves  resulted  in  correspondingly  larger  Re^^'s. 

The  maximum  orbital  velocity  estimated  the  intensity  of  the  disruption 
while  the  wavenumber  quantified  the  duration.  The  diameter  of  the  cables 
remained  constant  and  the  mean  current  was  assumed  to  be  uniform  over 


Characteristic  Wake  Dimension,  h  (m) 
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Seconds  Since  Inception 


Figure  5.15  Time  evolution  of  patch  diameter,  h,  for  3  different  wave 

Reynolds  numbers,  Rbw,  for  the  individual  wave  producing  the 
patch.  Waves  with  larger  Re^u  produce  larger  wakes  that 
reach  maYimum  size  later  in  time,  resulting  in  longer  skin 
layer  recovery  times.  Skin  layer  disruptions  lasting  up  to  60  s 
were  measured,  after  which  time  they  traveled  out  of  the  field- 
of-view.  Extrapolation  of  the  curve  for  the  largest  Rbw 
observed  results  in  a  skin  layer  recovery  time  of 
approximately  120  s. 
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the  course  of  the  measurement  timespan  of  Case  1.  Therefore,  the  wave 
Reynolds  number  parameterization  provided  an  appropriate  measure  of  the 
input  distm-bance  produced  by  the  passage  of  an  individual  wave. 

The  wave  Re3molds  number  describing  the  disruption  becomes  Rem  = 
3.90  X  10®,  2.05  X  10'^,  and  3.55  x  lO"^,  respectively,  for  the  wake  patch 
evolutions  shown  in  Figure  5.15.  (The  wave  periods  were  To  =  6.5,  11.6,  and 
11.7  s,  with  wave  heights  of  Ho  =  0.78,  2.28,  and  3.89  m,  respectively,  for  the 
time  series  in  Figure  5.15.)  Notice  the  continued  growth  of  the  wake  width 
even  after  the  turbialent  patch  drifted  away  from  the  source  of  the 
disturbance-the  cable.  The  patch-like  distimbances  reached  larger 
maximum  wake  dimensions  with  increasing  Rem-  Consequently,  the 
duration  of  the  patches'  life  increased  with  Rem-  The  wakes  not  only 
increased  in  size  and  dimation  with  increasing  Rem,  but  also  attained  their 
maximum  width  later  as  Rem  increased.  The  trend  of  increasing  turbulent 
patch  width  long  after  the  wire  has  exited  the  wake  occurred  even  for  the 
smallest  of  waves.  Tables  5.2a  and  5.2b  Ust  the  15  wake  formation  and 
decay  sequences  analyzed  for  this  study  along  with  the  pertinent 
parameters.  Subsequently,  we  can  now  display  a  full  range  of  wave 
Reynolds  numbers  characterizing  the  observations  from  the  field 
experiment  in  Figure  5.16.  The  patch-like  wakes  ranged  significantly  in 
maximum  characteristic  wake  dimension  between  0.5  and  1.7  m  and  in 
dmation  of  existence  between  35  and  80  seconds.  None  of  the  patches, 
however,  completely  recovered  before  drifting  off  the  image.  Figure  5.17 
emphasizes  the  stark  contrast  between  the  twhulent  patch  size,  which  is  on 
the  order  of  a  meter,  and  the  1  cm  diameter  of  the  surface-piercing  cable 
producing  the  disruption.  We  normalized  the  maximum  wake  dimensions 
by  the  cable  diameter  resulting  in  large  values  on  the  order  of  10  to  100  for 
bm  /D,  the  normalized  maximum  wake  dimension.  Employing  our 
characterization  of  a  wave  Reynolds  number,  we  observed  that  the  scaled 
maximum  wake  dimension,  / D,  of  each  timbulent  patch  increased 
parabolically  with  wave  Re5molds  number.  The  second-order  correlation  in 
Figure  5.17  suggested  that  the  deep-water  nature  of  wavelength  (L^  ~ 

according  to  the  dispersion  relation)  dictated  the  strength  of  the  disruptive 
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Table  5.2a  Wave  parameters  for  January  26th,  1992  arranged  according  to 

RBh), 


Number 

Approximate 
Inception  Time 
(ddd:hh:mm:ss) 
(PST) 

Wave  Height, 
Hoim) 

Period, 

To(s) 

Wave  Reynolds 
Number, 

Reu;  (106) 

1 

026:19:31:37 

0.78 

6.5 

3.9 

2 

026:19:31:52 

1.03 

6.4 

5.1 

3 

026:19:32:17 

0.96 

6.9 

5.2 

4 

026:19:31:44 

1.00 

8.0 

6.2 

5 

026:19:32:25 

0.85 

9.9 

6.6 

6 

026:19:31:59 

1.29 

8.4 

8.4 

7 

026:20:04:38 

1.24 

11.0 

10.6 

8 

026:19:56:21 

1.57 

11.1 

13.6 

9 

026:19:51:51 

1.55 

13.7 

16.6 

10 

026:19:34:39 

1.48 

15.3 

17.6 

11 

026:19:35:16 

1.77 

13.1 

18.1 

12 

026:19:31:25 

2.28 

11.6 

20.5 

13 

026:19:34:25 

2.64 

12.4 

25.6 

14 

026:19:33:16 

2.61 

13.4 

27.2 

15 

026:19:45:58 

3.89 

11.7 

35.5 
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Table  5.2b  Wave  parameters  for  January  26th,  1992  arranged  according  to 
RBw' 


Number 

Maximum 
Horizontal 
Orbital  Velocity, 

Uo  (cm/s) 

Conventional 

Reynolds 

Number, 

Reo  (103) 

Representative 
Surface  Velocity 
From  Scanner, 
Wgc  (cm/s) 

1 

37.6 

3.76 

59 

2 

50.5 

5.05 

70 

3 

43.3 

4.33 

54 

4 

39.0 

3.90 

61 

5 

27.1 

2.71 

62 

6 

48.4 

4.84 

— 

7 

35.3 

3.53 

67 

8 

44.4 

4.44 

— 

9 

35.7 

3.57 

— 

10 

30.5 

3.05 

72 

11 

42.4 

4.24 

74 

12 

61.8 

6.18 

105 

13 

66.7 

6.67 

116 

14 

61.3 

6.13 

110 

15 

104.7 

10.47 

159 

Characteristic  Wake  Dimension,  b  (m) 
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Seconds  Since  Inception 


Figure  5.16  Time  evolution  of  characteristic  wake  dimension,  6,  for  the  15 
individual  patches  produced  by  the  swell.  The  patch-like 
wakes  range  significantly  in  maximum  dimension  between  0.5 
and  1.7  m.  None  of  the  disturbances  have  recovered  completely 
before  drifting  out  of  the  field-of-view.  Two  of  the  patches  exist 
in  the  field-of-view  for  up  to  80  s,  though  not  explicitly  shown 
here. 


Normalized  Maximum  Wake  Dimension,  b^lD 


152 


Figure  5.17  The  normalized  maximum  characteristic  wake  dimension, 
bmID,  as  a  function  ofiJcu,  emphasizes  the  stark  contrast 
between  the  turbulent  patch  size  and  the  surface-piercing  cable 
diameter  of  1  cm.  The  parabolic  correlation  between  bm  and 

Rew  suggests  the  deep-water  nature  of  wavelength  (L^  ~  ) 

dictated  the  strength  of  the  disruptive  process.  Longer  swell 
waves  produced  a  longer  initial  disruption. 
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process.  Longer  swell  waves  produced  a  longer  duration  of  the  initial 
disturbance.  Having  attained  a  peak  width,  the  patches  slowly  decayed  and 
extended  out  of  the  scanner's  view  without  fully  recovering.  Extrapolating 
the  complete  evolution  and  decay  cycle  for  the  patch  with  the  largest  Rbuj 
resulted  in  a  120  second  lifetime. 

Consistent  with  our  description  of  the  wake/patch  formation,  bigger 
waves  produced  longer  lifetimes  and  larger  patch  widths.  For  longer 
waves,  the  patches  achieved  a  higher  degree  of  disruption,  described  by  the 
Rbuj,  than  for  shorter  waves.  The  logical  choice  for  scaling  the  duration  of 
the  turbulent  patch,  t,  was  the  period  of  the  wave.  To,  producing  the  wake. 

Accordingly,  Figure  5.18  demonstrates  the  effect  of  such  scaling,  aligning 
the  maximum  wake  widths  about  a  point  of  tJT^  =2  for  the  lower  range  of 

Reyo,  3.5  for  the  medium  range  and  5  for  the  largest  wave  Reynolds  number. 
The  range  of  tfT^  suggested  that  the  appropriate  scaling  might  have 

included  a  turbulent  time  scale  or  a  skin  layer  recovery  time.  Initial 
scahngs  of  the  patch  width,  however,  by  both  the  amplitude  of  the  wave,  Oq, 
and  the  wavelength,  Lq,  resulted  in  a  less  than  desirable  outcome. 
Nevertheless,  the  formation  of  the  scaling  parameter  baoCOojv  in  Figure 
5.18  provided  three  distinct  groupings  according  to  wave  Re)molds  number. 
These  separate  regions  suggest  an  eddy  viscosity  should  replace  the 
molecular  viscosity.  The  diffusion  mechanism  within  each  grouping  of 
wake  sequences  according  to  Re^;  remained  relatively  the  same.  For  each 
distinct  grouping,  however,  this  mechanism  for  diffusion  differed 
substantially.  Actually,  the  eddy  viscosity  not  only  would  have  changed 
throughout  the  lifetime  of  each  growth  and  decay  cycle,  but  also  behaved 
differently  for  each  separately  defined  wake.  The  free-surface 
turbulence/vortical  interaction  described  in  Section  4.7  may  have  explained 
this  behavior. 

Not  only  did  the  patch  width  experience  a  growth  and  decay  cycle,  but 
the  difference,  AT^j,  between  the  maximum  temperature  within  the 
turbulent  patch  and  the  undisturbed  surface  also  encountered  this  process. 
The  maximum  temperature  difference  across  the  patch  generated  by  the 


Scaling  Parameter,  ba^oijv 


0.6  -\  / 


+  +  + 


Figure  5.18  Scaling  analysis  of  the  the  15  individual  patches  produced  by 
the  swell.  Both  t/T^  and  ba^Wolv  separate  out  into  three 
distinct  regions  according  to  the  Rea  .  The  regions  follow  from 
bottom  to  top  as  low,  mid,  and  high  range  Rea  . 
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disruption  of  the  cool  skin,  ATyu,  provided  a  measure  of  the  bulk-skin 
temperature  difference,  AT,  and  ranges  from  0,4  to  0.5  °C.  Figure  5.19a 
portrays  the  time  series  of  AT^  for  the  same  wake  patch  evolutions 
described  in  Figure  5.15.  Contrary  to  h,  AT^  reached  a  maximum  quickly 
regardless  ofRew  The  AT^  recovered  faster  at  low  Rcw  while  the  duration 
of  recovery  increased  with  increasing  Rsw  For  a  more  complete 
description.  Figure  5.19b  displays  ATu,  as  a  time  series  for  each  wake 
scensuio  along  with  a  linear  fit  extending  from  the  maximum.  The  slope  of 
the  line  corresponds  to  a  rate  of  decay  or  skin  layer  recovery.  The  point  of 
each  sequence  at  which  the  maximum  AT^  occurred  was  relatively  abrupt 
as  opposed  to  the  occurrence  of  the  maximiun  wake  width,  hm ,  of  Figure 
5.17.  The  time  at  which  the  maxima  occurred  for  both  AT^}  and  h  is 
displayed  in  Figure  5.20.  As  mentioned,  the  rapid  occmrence  time  of  the 
ATw  maxima  remained  relatively  low  irrespective  of  wave  Reynolds 
number.  However,  the  time  at  which  the  h  maxima  occiirred  increased 
with  wave  Reynolds  number  illustrating  the  leisurely  continued  spreading. 
Therefore,  as  the  wave  Re3molds  number  increased,  the  difference  in  time 
between  the  occurrence  of  AT^  and  b  maxima  increased.  The  rate  at  which 
ATjju  decayed  in  Figures  5.19a  and  b  represented  the  skin  layer  recovery  and 
is  displayed  in  Figure  5.21  as  a  function  of  wave  Reynolds  number.  As 
anticipated  we  observed  that  the  rate  of  skin  layer  recovery  sharply 
decreased  for  increasing  Reynolds  number.  (The  skin  layer  recovery  rate 
actuEilly  increased,  but  the  magnitude  decreased.)  Nonetheless,  the  skin 
layer  recovered  while  the  wake  continued  to  grow  in  size.  Once  the 
TnayirmiTn  width,  hm.  >  occurred,  6  decayed  at  a  rate  which  gradually 
decreased  with  increasing  Re^  as  seen  in  Figure  5.22. 

5.4  Discussion  of  the  Wake  Signatures 

The  turbulence  and  vorticity  generated  in  the  wake  of  the  cable  gave 
rise  to  highly  strained  fluid  motions  near  the  free-surface.  Even  though 
suppression  of  the  vertical  turbulent  fluctuations  existed,  the  quasi  two- 
dimensional  turbulence  still  disturbed  the  surface  smd  broke  up  the  skin 
layer.  The  vorticsil  flow  in  the  wake/patch  aligned  perpendicular  to  the 
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Figure  5.19a  Time  series  of  maximum  temperature  difference 

between  the  patch  and  the  undisturbed  surface  for  the 
identical  3  patches  produced  by  the  swell  in  Figure  5.15. 
While  the  patches  rapidly  reach  a  peak  ATuj  regardless 
of  Rew,  the  rate  of  recovery  of  the  skin  layer  is  a  fvmction 
ofRew  The  slope  of  the  line  fitted  from  the  maximum 
ATu)  is  taken  as  the  skin  layer  recovery  rate. 
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Figure  5.19b  Time  evolution  of  maximum  temperature  difference 

between  the  patch  and  the  undisturbed  smface  for  the  15 
patches  produced  by  the  swell.  While  all  patches  rapidly 
reach  a  peak  AT^;  regardless  of  Reu;,  the  rate  of  recovery 
of  the  skin  layer  is  a  function  of  Rew  The  slope  of  the 
line  fitted  from  the  maximum  AT^,  is  taken  as  the  skin 
layer  recovery  rate. 
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Figure  5.20  The  time  at  which  the  maxima  occurred  for  both  ATuj  and  h  as 
a  function  of  Rew  The  time  of  the  maximum  AT^  remained 
relatively  constant  irrespective  of  Rew  However,  bm  occurred 
later  and  later  as  Re^  increased  which  suggests  the  continued 
spreading  of  the  disruption. 


Skin  Layer  Recovery  Rate,  dCATJIdt  (°C/s) 
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Figure  5.21  Skin  layer  recovery  rate,  d{ATj^)fdt,  for  15  individual  patches 
versus  wave  Reynolds  number,  Rew  For  small  Rew,  the 
d{ATjjj)ldt  decreases  rapidly  with  increasing  Rcu,-  The 
apparently  small  and  constant  d[ATj^  ^jdt  at  high  Re^ 

indicates  that  in  these  cases  the  smface  disruption  dominates 
over  the  skin  layer  recovery.  Since  the  net  heat  flux  was 
constant,  these  resxilts  show  that  the  strength  of  the  surface 
disruption  played  a  strong  role  in  determining  the  skin  layer 
recovery  rate. 


Wake  Dimension  Recovery  Rate,  dhidt  (m/s) 
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Wave  Reynolds  Number 

Figure  5.22  Patch  width  recovery  rate,  dbjdt,  for  15  individual  patches 

versus  wave  Reynolds  number,  Contrary  to  the  skin  layer 
recovery  rate,  dbl3t  gradually  decreases  with  increasing  Re^. 
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siirface  and  developed  an  upwelling  effect  bringing  the  warmer  water  from 
below  to  the  surface.  The  molecular  layer  now  had  been  ruptured  by  the 
turbulent  vortical  flow.  The  continued  enlarging  of  the  patch  suggested  a 
"spreading"  of  vorticity/turhulence  which  disrupted  the  previously 
undisturbed  surface  skin  layer  even  after  the  initial  wake  disruption  by  the 
cable. 


The  increased  disturhance  due  to  the  longer  period  waves  generated 
more  turbulence  and  consequently  resulted  in  extended  decay.  From  the 
energy  cascade  model  put  forth  in  Section  4.4,  the  energy  flux,  ~  ji, 

is  constant  down  the  cascade  impl5ning  the  mean  flow  input  to  the  larger 
length  and  time  scales  should  equal  the  viscous  dissipation  occurring  at  the 
Kolmogorov  scale.  For  the  case  at  hand,  however,  the  flow  was  obviously 
not  steady.  Not  only  did  the  turbulence  and  vorticity  generated  advect  and 
diffuse,  but  as  Weigand  and  Gharib  (1994)  suggested  the  strong  vortices 
aligned  normal  to  the  surface  engulfed  the  smaller  structures,  thus 
reconcentrating  the  vorticity  and  prolonging  its  lifetime.  Furthermore, 
Sarpkaya  (1994)  proposed  that  the  merging  characteristics  of  these 
dominant  coherent  structures  produce  a  reverse  energy  cascade  and  eddy 
longevity.  The  turbulence  and  vorticity  generated  by  the  cable  mutually 
interacted  producing  larger  scales  which  persisted  and  continued  to  do  so 
after  the  wire  had  left  the  patch.  Together  with  the  idea  of  a  reverse  energy 
cascade,  the  wake  width  itself  may  have  been  the  best  scale  for  the  largest 
turbulent  eddies  produced  at  a  free-surface. 

The  destruction  of  the  skin  layer  phenomenon  was  how  we  measure 
these  infrared  signatures  of  warm  wakes  and  deduce  something  about  the 
free-s\arface  turbulence  and  vortical  interaction.  More  importantly,  the 
time  scale  for  the  re-establishment  of  the  skin  layer  related  directly  to  the 
level  of  disruption.  For  the  cases  outlined  in  Section  5.3,  we  have  observed 
the  wakes  imder  very  low  wind  speeds  (<  2  m/s)  and  always  at  night  when 
the  net  upward  heat  flux  of  roughly  -  80  to  -  95  W/m^  resulted  in  a  cool  skin 
layer.  (The  net  heat  flux  is  calculated  formally  in  Section  5.6.)  At  low  wind 
speeds,  the  shear  turbulence  transferred  from  the  air  to  the  ocean  was  very 


162 


low  resulting  in  a  thicker  boundary  layer  or  molecular  sublayer.  With  the 
unstable  nature  of  the  "heavier"  cool  skin  on  top  of  "lighter"  warm  bulk 
water,  the  level  of  turbulence  generated  by  the  wake  of  the  cable  was  enough 
to  instigate  the  breakage  of  the  skin  layer.  Coupling  the  effects  of  the  free- 
surface  on  the  vortical,  turbulent  flow  with  the  nature  of  the  skin  layer 
developed  \mder  low  wind  speeds  leads  to  a  very  long  re-estabhshment  time 
of  the  ruptured  skin  layer.  Therefore,  the  turbulence  generated  in  the  wake 
of  the  cable  was  directly  responsible  for  the  re-establishment  time  of  the 
skin  layer,  or  the  duration  of  the  patch. 

Discussion  of  a  higher  wind  speed  case  provides  a  contrasting 
example  to  demonstrate  this  point.  For  higher  wind  speeds  (between  5-10 
m/s),  the  flow  was  initially  more  turbulent  due  to  the  enhanced  shear  stress 
transfer  across  the  air- water  interface.  Although  the  boundary  layer  was 
now  much  thinner  than  at  low  wind  speeds,  the  heat  flux  accelerated  to 
between  -125  and  -135  W/m^.  The  generation  of  turbulent  energy  in  the 
wake  of  the  wire  disrupted  the  skin  layer  which  recovered  almost 
instantaneously.  Playing  a  video  of  the  scanner  in  fast-forward  mode,  we 
verified  these  wisps  of  wakes  with  a  few  examples  of  scanner  image 
snapshots  shown  in  Figure  5.23.  (An  obvious  sign  that  the  wind  speed  had 
increased  was  that  the  reflection  of  the  boom  had  been  spread  out 
substantially  by  the  increased  surface  roughness.)  Table  5.3  lists  the 
environmental  conditions  associated  with  these  wispy  wakes  labeled  as 
Case  3.  The  thin  dark  features  in  the  upper  left  comer  correspond  to  the 
wires  with  the  small  lighter  features  at  the  bottom  of  the  wires  being  the 
wakes.  These  features  lasted  for  less  than  a  second  verifying  the  very  quick 
recovery  time  of  the  skin  layer.  In  contrast  to  the  low  wind  speed  case,  the 
initial  conditions  here  suggested  that  the  turbulence  generated  by  the 
passage  of  the  cable  was  small  compared  with  what  already  existed  near 
the  air-sea  interface  under  high  wind  speeds.  Conversely,  vmder  low  wind 
speeds  the  ratio  of  initial  turbulence  to  that  generated  by  the  wake 
formation  was  great,  resulting  in  the  persisting  duration  of  the  wake  and 
extended  recovery  time. 


15.0  15.1  15.2  15.3  15.4 

Temperature  (°C) 

Figure  5.23  Snapshots  of  wispy  wakes  emanating  from  the  surface¬ 
piercing  cables.  The  dark  vertical  bands  in  the  upper  left 
comer  are  the  cables  while  the  faint  white  signatures  at  the 
bottom  of  the  cables  signify  the  wispy  wakes.  The  wispy  wakes 
last  for  less  than  a  second. 


See  Plate  in  Appendix. 
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Table  5.3  Environmental  conditions  for  Cases  3  and  4. 


Case 

3  -  Wispy  Wakes 

4  -  Puffy  Patchiness 

Date 

January  28,  1992 

January  26,  1992 

Time 

22:35— >23:34  PST 

21:05  — >  22:05  PST 

Wind  Speed 

7.3  ±  0.4  m/s 

0.710.3  m/s 

Wind  Direction 

34°  ±2° 

287°  ±  19°  (40  min.) 

126°  ±  35°  (20  min.) 

Drift  Speed 

21  cm/s  ±  1  cm/s 

17  cm/s  ±  1  cm/s 

Drift  Direction 

175°  ±10° 

324°  ±5° 

Compass  Heading 

18°  ±4° 

300°  ±22° 

Wave  Direction 

-270° 

-280° 

Air  Temperature 

14.6  °C  ±  0.0  °C 

Steadily  Decreasing 

14.6  °C  to  14.4  °C 

Relative  Humidity 

Steadily  Decreasing 
90.2  %  to  88.1  % 

88.5  %  ±  0.7  % 

T  @  0.1  cm 

Steadily  Increasing 
14.67  °C  to  14.79  °C 

14.30  °C±0.01°C 

T  @  0.5  cm 

14.67  °C  to  14.80  °C 

14.31  °C±  0.01  °C 

T  @  1.0  m 

14.66  °C  to  14.78  °C 

14.30  °C  ±  0.01  °C 

T  @  2.0  m 

14.67  °C  to  14.80  °C 

14.31  °C±  0.01  °C 

T  @  5.0  m 

14.67  °C  to  14.80  °C 

14.27  °C  ±  0.01  °C 
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Recovery  times  of  the  magnitude  for  the  low  wind  speed  case  (on  the 
order  of  minutes)  have  not  been  observed  or  reported  before  in  the  literature. 
However,  the  disruption  in  this  case  was  provided  artificially  by  a  surface¬ 
piercing  cable.  As  described  in  Section  2.6,  Ewing  and  McAlister  (1960)  also 
disturbed  the  skin  layer  artificially  by  using  a  pump.  When  the  pump  was 
turned  off,  the  cool  skin  layer  re-established  within  5  seconds.  They  also 
reported  an  inability  to  measure  the  effects  from  less  substantial 
disturbances.  Again,  a  possible  threshold  may  exist  below  which  the  skin 
layer  remains  unbroken.  Ewing  and  McAlister  (1960)  also  made 
measurements  of  actual  breaking  waves  which  agree  with  those  of  the 
impinging  jet  upon  the  siarface.  Contrary  to  the  pvunp  demonstration, 
though,  the  recovery  of  the  cool  skin  layer  took  roughly  12  seconds.  Other 
field  investigators  (e.g.,  Clauss  et  al.,  1970;  Schluessel  et  al.,  1990)  concur 
that  the  cool  skin  layer  does  re-establish  within  roughly  10  to  12  seconds. 
From  the  present  study,  we  observed  that  not  only  was  the  strength  of  the 
disruption  an  important  variable  in  the  skin  layer  recovery,  but  also  the 
initial  state  of  the  skin  layer  itself. 

Late  on  the  evening  of  January  26th,  the  wind  speed  died  down  to  an 
almost  undetectable  level  (<  1  m/s)  which  allowed  for  the  development  of 
what  appeared  to  be  free  convection.  As  mentioned  in  Section  5.3,  some 
authors  (e.g.,  Grassl,  1976)  beheved  free  convection  could  not  exist  on  the 
open  ocean  because  the  cmrent  shear  would  always  engender  enough 
turbulence  to  establish  the  molecular  sublayer  by  forced  convection.  The 
"puffy"  patchiness  seen  in  Figure  5.24  shows  the  possibility  of  free 
convection  under  extremely  low  wind  speeds  found  during  Case  4  of  Table 
5.3.  The  puffy  features  appeared  comparable  in  size  and  AT  to  the  wake 
signatures.  However,  these  featiires  existed  throughout  the  image  as  a 
background  for  the  wake  signatures.  In  fact,  the  turbulent  wake  patches 
continued  to  form  as  they  did  earlier  in  Case  1.  However,  we  now  observed 
that  the  disturbance  needed  to  break  the  skin  layer  had  been  reduced  as  the 
instability  of  the  cool  skin  layer  above  the  warmer  bulk  water  was  sufficient 
resulting  in  the  free  convective  patches  with  an  apparent  temperature 
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Figure  5.24  Puffy  patchiness  signifying  the  possibility  of  free  convection 
under  very  low  wind  speed  conditions  (~  0.7  m/s).  Note  the 
wire  wakes  continue  to  emanate  from  the  cables. 
Environmented  conditions  shown  in  Table  5.3  under  Case  4. 


See  Plate  in  Appendix. 
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differonce  ranging  from  0.4  to  0.5  °C  between  the  cool  skin  and  the  warmer 
bulk  water  mixed  up  from  below.  Verification  of  the  temperature  difference 
is  provided  in  Section  5.6.  From  Cases  1,  3,  and  4,  we  observed  different 
turbulence  thresholds  at  which  the  skin  layer  was  destroyed.  For  the  skin 
layer  to  recover,  it  must  have  overcome  this  threshold  as  the  turbulence 
diminished  enough  for  the  skin  layer  to  re-establish. 

The  recovery  of  the  skin  layer  is  a  complicated  process.  The  fact  that 
the  turbulent  patch  diminished  in  size  as  in  Figure  5.16  for  all  wakes 
suggested  that  the  skin  layer  fully  recovered  near  the  edges  of  the  patch  as 
it  encroached  toward  the  more  turbulent  center.  The  turbulence  was 
weakest  at  the  outskirts  of  the  wake  which  allowed  for  the  recovery,  while 
the  center  of  the  patch  remained  disturbed.  However,  the  turbulence  which 
had  continually  enlarged  the  size  of  the  patch  was  not  enough  to  hinder  the 
initiation  of  the  skin  layer  recovery  even  at  the  center  of  the  patch. 

Assuming  the  maximum  was  a  measure  of  the  cool  skin  AT,  the  skin 
layer  was  continually  allowed  to  reach  an  equilibrium  state  as  ATm 
declined.  The  equilibrium  state  is  defined  as  the  point  at  which  the  skin 
layer  has  recovered  to  a  thickness  characterized  by  the  level  of  turbulence  in 
the  water.  According  to  the  skin  layer  model, 

(5.5) 

the  temperature  difference  across  the  skin  layer  supports  the  net  heat  flux. 
Since  the  net  upward  heat  flux  was  constant  in  a  global  sense,  the 
thickness  of  the  molecular  sublayer  defined  the  temperature  difference. 

The  thickness  of  the  molecular  sublayer  related  directly  to  the  turbulent 
intensity  in  the  water.  At  each  equilibrium  state,  the  turbulence  level  at  the 
interface  diminished  allowing  the  skin  layer  to  become  thicker  and  AT  to 
increase  ever  closer  to  its  initial  value.  The  skin  layer  itself  continually 
overcame  successive  turbulent  "thresholds  as  it  recovered. 

Liu  and  Businger  (1975)  explain  how  the  layer  can  be 
randomly/intermittently  destroyed  resulting  in  the  non-linear  profiles 
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observed  by  investigators  in  the  field  and  the  laboratory  (e.g.,  Khundzhua 
and  Andreyev,  1974;  Katsaros  et  al.,  1977).  However,  they  did  not  suggest 
any  rate  of  or  time  scale  for  the  recovery  of  the  skin  layer.  The  results  of  oior 
study  suggest  the  direct  relation  between  skin  layer  recovery  rate  and  the 
level  of  turbulence  or  strength  of  disruption.  At  low  the  peaks  of  AT^j 

and  b  occurred  almost  simultaneously  resulting  in  the  strong  rates  of 
recovery,  d{ATjjj)fdt  and  dbJ9t,  due  to  the  low  turbulent  energy  available. 

The  time  at  which  the  b  maxima  occurred  increased  with  wave  Reynolds 
number  illustrating  the  leisurely  continued  spreading  due  to  advection, 
diffusion,  and  the  vortical/turbulent  free-surface  interaction  process.  At 
medium  and  high  Rew,  the  ATu,  maximum  preceded  bm  leading  to  the  very 
low  d[AT^)ldt  as  more  turbulent  energy  was  accessible  to  impede  the  skin 

layer's  strong  tendency  to  recover.  Still,  the  turbulence  at  hand  was  not 
enough  to  suppress  the  genesis  of  recovery. 

5.5  Calculation  of  the  Skin  Laver  AT 

The  scanner  provided  an  instantaneous  measure  of  the  temperature 
difference  across  the  cool  skin  layer  assuming  the  maximum  AT^  occurred 
when  the  skin  layer  was  completely  destroyed.  Conventionally,  the  skin 
layer  temperatiare,  Tsst,  is  found  using  Equation  (3.32).  To  correct  for 
reflection  effects,  the  narrow  field-of-view  radiometers'  temperature  output 
needed  to  be  converted  to  flux  density  for  the  range  of  8  to  14  pm.  Following 
from  Equation  (3.32),  we  considered  the  radiation  balance 

14  14 

+  ~  ^dw(  ^  A^rk(  ^ 

8 

where  Tjr  is  the  temperature  output  from  the  PRT-5,  Tsst  is  the  actual  sea 
surface  temperature  measured  from  the  depths  of  10  pm,  Tsky  is  a  measure 
of  the  sky  temperature  from  the  upward  looking  KT-19,  and  Edw  is  the 
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emissivity  of  water  from  Downing  and  Williams  (1975).  Even  though  the 
KT-19  instruments  were  shown  to  drift  under  intense  heating,  use  of  the 
upward-looking  unit  was  appropriate  for  the  correction  of  reflection.  While 
the  sky  temperature  varied  by  tens  of  degrees  from  clear  to  cloudy 
conditions,  the  drift  of  the  KT-19  due  to  heating  was  only  on  the  order  of  0.1 
°C.  The  temperature  changes  of  the  reflected  source  needed  to  cause  a 
significant  correction  (~  0.1  to  0.5  °C)  were  also  on  the  order  of  tens  of 
degrees.  Therefore,  the  relative  error  of  the  KT-19  due  to  its  drift  was 
negligible  for  the  sky  reflection  correction.  In  order  to  find  Tgsu  we  initially 
evaluated  the  first  term  on  the  right-hand  side  of  the  equation  as  a  fimction 
of  temperature  ranging  from  275  to  300  °K  and  performed  a  2nd  order 
pol5momial  fit  to  the  curve.  For  every  timestep  we  evaluated  the  left-hand 
side  and  the  second  term  on  the  right-hand  side,  grouped  like  terms  and 
solved  for  the  roots  of  a  quadratic  to  arrive  at  the  Tsst- 

Before  applying  this  algorithm  to  the  data,  we  calibrated  the  PRT-5  to 
improve  its  accuracy.  Two  bucket  calibration  runs  provided  "bookends"  for 
the  measurement  period.  The  so-called  bucket  calibration  techmque  used  a 
well-stirred  bath  produced  by  recirculating  water  from  the  bath  through  a 
tube  with  small  holes  creating  jets  of  water  skimming  just  below  the 
surface  and  parallel  to  it.  A  thermistor  measured  the  water  temperature 
in  the  bath.  Teal,  with  the  PRT-5  aimed  at  the  surface.  Assuming  any  skin 
layer  was  destroyed  continuously,  the  PRT-5  measurement  should  have 
matched  the  Teal-  Correcting  for  the  background  sky  reflection  using  the 
algorithm  above,  we  foxmd  a  value  for  the  PRT-5.  The  difference  between 
the  corrected  PRT-5  value,  Tm.^,  and  T^ai  was  the  calibration  constant, 

C PRT-5,  for  the  PRT-5.  Therefore,  Crrt-s  was  subtracted  fi:om  all  PRT-5 
temperature  readings  before  performing  the  sky  correction  algorithm. 
According  to  the  calibration  nms  in  Figures  5.25a  and  5.25b  on  the 
evenings  of  January  26th  and  29th,  the  average  calibration  constant  Crrt-s 
was  -0.12  °C  ±  0.01  °C.  The  values  for  Cprts  ranged  from  -0.10  °C  to  -0.15 
°C.  Therefore,  we  determined  that  the  accuracy  of  the  cahbrated  Tgst  would 
be  well  within  0.1  °C. 
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Figure  5.25a  Late  afternoon  calibration  run  for  the  PRT-5  on  January 

26, 1992. 
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Figiore  5.25b  Late  afternoon  calibration  run  for  the  PRT-5  on  January 

29, 1992. 
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Applying  the  calibration  constant  to  the  measured  Tjr  and  correcting 
for  the  sky  reflection  using  the  polynomial  fit  algorithm,  one-minute 
averages  of  the  actual  sea  surface  temperature,  Tgsu  along  with  Tjr  and 
Tsky  are  plotted  in  Figures  5.26a-d  for  January  25th  through  28th.  With  a 
clear  sky  (cold)  the  signal  needed  to  be  corrected  more  than  for  a  cloudy  sky 
which  was  warmer.  Under  uniformly  cloudy  conditions,  the  sky  was 
roughly  the  same  temperatime  as  the  sea  surface  and  thus  hardly  any 
correction  was  needed,  since  any  deviation  from  blackness  by  the  surface 
was  made  up  by  the  reflected  sky  radiation.  From  Figure  5.26,  we  see  that 
typically  under  clear  skies  the  algorithm  performed  approximately  a  0.4  to 
0.5  °C  correction  for  reflection.  Under  cloudy  conditions  the  correction  was 
less,  approaching  the  magnitude  for  Cprt-s  of  0.12  °C  (calibration 
constant's  sign  was  negative).  However,  some  slight  errors  might  have 
been  induced  by  the  procedure.  The  orientation  of  the  up-looking  KT-19  at  a 
zenith  angle  of  15°  and  the  PRT-5  aimed  at  15°  incidence  may  have 
produced  one  such  inaccuracy  primarily  under  partly  cloudy  conditions. 

As  the  KT-19  received  radiation  from  one  part  of  the  sky,  the  PRT-5 
gathered  reflected  radiation  from  a  slightly  different  part  of  the  sky.  The 
distance  between  the  parallel  rays  of  radiation  relative  to  the  distance 
traveled  by  the  radiation  depends  upon  the  measurement  height  of  the 
instruments  above  the  sea  surface  and  the  ceiling  level  of  the  sky.  (The 
ceiling  level  of  the  sky  depends  upon  whether  it  is  clear  or  cloudy  and  what 
type  of  clouds  exist.)  At  the  edge  of  a  cloud,  one  instrument  may  have 
received  radiation  from  the  cloud  and  the  other  from  the  clear  sky,  thus 
corrupting  the  correction.  By  using  the  measured  value  of  the  sky 
irradiance  fi-om  the  KT-19,  the  effect  of  a  cloud  signal  (warm)  may  have 
forced  an  underestimated  correction.  Likewise,  the  measurement  of  an 
apparently  clear  sky  (cold)  wovild  tend  to  overestimate  the  correction. 
Fimthermore,  as  pointed  out  by  Gasparovic  et  al.  (1974)  and  Saunders 
(1968),  the  siarface  roughness  will  diffuse  the  sky  reflection  out  over  an 
extended  area  of  the  ocean.  Nonetheless,  the  algorithm  corrected  for 
reflection  as  expected  considering  these  effects  with  possibly  the  only 
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Figure  5.26a  Time  series  for  January  25,  1992  of  the  corrected  and 
calibrated  IR  SST,  T^st,  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky 
temperature,  Tsky  Time  series  of  thermistor 
measurements  at  depth  and  AT  s  are  included. 


See  Plate  in  Appendix. 
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Figure  5.26b  Time  series  for  January  26,  1992  of  the  corrected  and 

calibrated  IR  SST,  Tsst,  along  with  the  raw  PRT-5 
measurement,  Tjn,  and  the  radiometric  sky 
temperature,  Tgky.  Time  series  of  thermistor 
measurements  at  depth  and  AT s  are  included.  Large 
gap  in  the  data  of  6  hours  corresponds  to  the  time  spent 
performing  calibration  runs  and  general  maintenance. 


See  Plate  in  Appendix. 
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Figure  5.26c  Time  series  for  January  27,  1992  of  the  corrected  and 
calibrated  IR  SST,  Tgsu  along  with  the  raw  PRT-5 
measurement,  and  the  radiometric  sky 
temperature,  Tsky  Time  series  of  thermistor 
measurements  at  depth  and  AT's  are  included. 


See  Plate  in  Appendix. 
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Figure  5.26d  Time  series  for  January  28,  1992  of  the  corrected  and 

calibrated  IR  SST,  Tgst,  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky 
temperature,  Tsky  Time  series  of  thermistor 
measurements  at  depth  and  AT's  are  included. 


See  Plate  in  Appendix. 
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exception  being  the  sharp  changes  in  the  measured  sky  temperature  on 
January  27th  and  the  early  morning  of  January  28th. 

The  temperatures  measured  at  different  depths  by  the  thermistor 
chain  all  provided  a  hulk  temperature,  T^.  According  to  our  formulation 
for  the  bulk-skin  temperature  difference,  AT  -  Ti  -  Tgst,  each  biilk 
temperature  at  depth  allowed  for  a  different  calculation  of  AT.  The 
thermistor  chain  data  along  with  the  AT s  calculated  from  these  and  the 
Tsst  are  also  plotted  in  Figures  5.26a-d.  At  night  when  the  temperature  was 
usually  uniform  throughout  the  water  column  near  the  surface  (<  5  m), 
any  thermistor  measruement  provided  a  useful  approximation  for  the  bulk 
temperatiue  leading  to  a  valid  AT.  A  notable  exception  to  this  occurred  on 
the  night  of  January  25th,  when  the  temperature  was  only  uniform  with 
depth  down  to  1  meter.  Note,  the  AT  is  a  measure  of  the  temperature 
difference  across  the  skin  layer  which  is  usually  less  than  a  millimeter 
thick  and  always  shallower  than  a  few  millimeters.  However,  diinng  the 
day  when  solar  irradiance  was  overbearing  and  volume  absorption  with 
depth  occurred,  the  temperature  profile  within  the  first  5  meters  varied 
significantly.  Hence,  the  choice  of  measurement  depth  of  bulk  temperature 
from  the  thermistor  chain  was  crucial  since  the  AT  changed  considerably 
depending  upon  that  choice. 

5.6  Comnarison  of  Calculated  AT  with  Scanner  Measurements:  Results 
and  Discussion 

A  comparison  of  the  calculated  AT  with  the  maximmn  AT^j  extracted 
from  the  scanner  output  of  the  wake  patches  was  consistent.  For  Case  1, 
we  have  performed  detailed  time  series  of  the  wake  signatures  and 
determined  the  maximum  ATJs  range  from  0.4  °C  to  0.5  °C  as  seen  in 
Figure  5.19b.  Similarly  for  Case  4,  the  free-convective  patches  produce  ATs 
ranging  from  0.4  to  0.5  °C.  From  the  calculation  of  the  temperature 
difference  across  the  skin  layer,  we  foimd  AT  to  vary  from  0.5  °C  to  0.6  °C 
and  remained  constant  over  the  5  meter  depth  during  these  timespans 
shown  in  Figure  5.26b.  One  explanation  of  the  0.1  to  0.2  °C  difference  might 
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be  that  the  skin  layer  was  never  completely  broken  by  any  disturbance  as 
the  net  upward  heat  flux  would  have  always  generated  some  kind  of 
recovery.  For  example,  if  the  turbulent  patch  never  totally  disintegrated  the 
skin  layer,  the  maximum  ATit^  from  the  scanner  underestimated  the  bulk- 
skin  temperature  difference.  Likewise,  if  the  jets  did  not  fuUy  disrupt  the 
surface  during  the  calibration  run,  the  calibration  would  have 
imderestimated  Cprts-  The  underestimation  of  the  calibration  constant 
may  have  resulted  in  the  calculation  of  an  overestimated  AT.  Regardless  of 
whether  or  not  the  skin  layer  was  completely  destroyed,  the  combination  of 
the  experimentally  determined  error  of  the  PRT-5  (0.1  °C),  tape  noise 
introduced  during  the  digitizing  of  the  scanner  images,  and  the  NET  of  the 
scanner  (±  0.05  °C)  accoxmted  for  any  discord  between  the  measurements  of 
AT  and  AT^j. 

As  mentioned  in  Section  2.5,  the  skin  layer  thins  out  considerably  at 
higher  wind  speeds.  The  wispy  wakes  foimd  in  Case  3  provided  a  measure 
of  the  AT  at  these  higher  wind  speeds.  We  estimated  a  ATu,  of  0.1  °C  with  a 
nearly  instantaneous  recovery  time.  The  disturbance  from  the  cable  was 
barely  enough  to  disrupt  the  skin  layer  with  the  high  level  of  turbulence 
already  existing  near  the  air-water  interface.  The  calculated  AT  was 
uniform  with  depth  and  approximately  equal  to  0.2  °C  as  shown  in  Figure 
5.26d.  At  these  higher  wind  speeds,  the  skin  layer  re-established  so  quickly 
that  the  wakes  probably  did  not  provide  an  acciirate  measure  of  the 
magnitude  of  AT.  During  the  same  time  period  of  Case  3,  n\amerous 
breaking  wave  events  appeeu'ed.  Figure  5.27  represents  a  time  series  of  one 
of  these  breaking  events  as  a  wave  propagated  from  right  to  left  in  the 
image.  The  ATu,  associated  with  the  actively  breaking  crest  was  0.3  to  0.4 
°C,  while  the  AT^  for  the  turbulent  wake  left  behind  was  0.15  to  0.20  °C.  The 
turbulent  wake,  which  was  a  much  larger  and  stronger  disturbance  than 
the  wispy  wakes,  likewise  survived  for  less  than  2  seconds  indicating  a  very 
quick  skin  layer  recovery  rate.  Jessup  (1993)  suggests  that  the  AT^;  for  the 
actively  breaking  crest  overestimates  the  skin  layer  temperatxire  difference 
perhaps  due  to  changes  in  the  electromagnetic  properties  of  the  siirface  by 
increased  surface  roughness.  However,  the  turbulent  patch  in  the  wake  of 
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Figure  5.27  Nighttime  sequence  of  the  infrared  signature  of  a  breaking 
wave.  The  images  show  the  apparent  temperature  change 
associated  with  the  actively  breaking  crest  and  the  turbulent 
wake.  Environmental  conditions  shown  in  Table  5.3  under 
Case  3. 


See  Plate  in  Appendix. 
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the  breaking  wave  produces  a  AT^  comparable  to  the  calculated  value  for 
AT.  The  turbulence  associated  with  the  breaking  process  appeared  to 
accomplish  the  total  destruction  of  the  skin  layer.  Nonetheless,  the 
question  remains  as  to  whether  the  skin  layer  was  destroyed  completely  by 
the  crest,  the  turbulent  patch,  or  both. 

Assuming  the  electromagnetic  properties  of  the  actively  breaking 
crest  changed,  most  likely  the  reflectivity  increased,  more  of  the  sky  signal 
would  have  been  reflected  into  the  image.  Not  only  would  more  of  the  sky  be 
reflected,  but  also  reflections  from  numerous  zenith  angles  would  have 
occurred.  For  this  case,  the  sky  was  clear  and  thus  colder  than  the  sea 
surface,  resulting  in  the  underestimation  of  Tgst-  Also,  the  actively 
breaking  crest  would  have  encapsulated  or  entrained  air  throughout  the 
process.  The  air  was  warmer  than  the  sea  surface  and  thus  would  have 
increased  the  actual  PRT-5  signal.  Counteracting  this  was  the  overall 
accelerated  heat  flux  (between  -125  and  -135  W/m^)  which  tended  to  cool  the 
surface.  Combined  with  these  effects,  the  bubbles  associated  with  the 
actively  breaking  crest  not  only  may  have  changed  the  electromagnetic 
properties  of  the  surface  but  also  altered  the  flux  of  heat  across  the  air-sea 
interface.  Bubbles,  as  an  extremely  thin  surface,  may  have  supported  a 
weaker  temperature  gradient  and  therefore  diminished  the  net  upward 
heat  fl\ax.  Furthermore,  the  wake  of  a  breaking  wave  leaves  behind  an  area 
of  foam  within  the  turbulent  patch.  The  infrared  characteristics  of  this 
foam  have  been  known  to  appear  cool  as  cited  by  Ewing  and  McAlister 
(1960).  The  appearance  of  cool  foam,  however,  must  depend  upon  the  sky 
conditions.  Quantifying  the  summation  of  these  effects  is  beyond  the  scope 
of  this  discussion.  Possibly,  though,  the  turbulent  wake  left  behind  by  the 
actively  breaking  crest  did  not  totally  destroy  the  skin  layer. 

Continuing  our  discussion  of  features  and  their  effect  on  the  AT, 
temperature  fronts  allowed  us  to  check  the  response  of  the  PRT-5  from  the 
scanner  image.  At  the  tail  end  of  Case  4,  FLIP  appeared  to  have  crossed  a 
temperature  front  as  seen  in  Figure  5.28  where  the  imager  was  now 
pointed  out  perpendicular  to  the  boom.  (A  monomolecular  slick  possibly 
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Figure  5.28  Nighttime  sequence  of  infrared  images  depicting  the  FLIP 

crossing  an  apparent  temperature  front.  The  broad  dark  band 
across  the  image  is  a  support  cable  for  the  instrument  boom. 
The  dark  outline  of  the  front  possibly  might  be  the  aggregation 
of  surfactant  material  and  foam  causing  a  change  in  the 
electromagnetic  properties  of  the  viewing  area. 

Environmental  conditions  shown  in  Table  5.3  under  Case  4. 


See  Plate  in  Appendix. 
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coiild  have  changed  the  evaporation  rate  inhibiting  the  heat  flux  exiting  the 
ocean  and  thus  increasing  the  Tgst-)  The  change  in  temperature  across  the 
front  was  0.34  °C  from  the  scanner  image.  The  Tgst  from  Figure  5.26b  also 
followed  the  same  trend  warming  up  by  0.31  °C.  The  bulk  temperatures 
remained  relatively  constant  resulting  in  a  decreased  AT.  Similarly  on 
January  28th  at  noon,  FLIP  again  crossed  an  apparent  temperature  front 
shown  in  Figure  5.29.  Table  5.4  displays  the  environmental  conditions 
related  to  this  Case  5.  Again,  the  scanner  image  showed  a  temperature 
difference  across  the  front  of  0.43  °C  with  the  Tgst  from  Figure  5.26d 
warming  up  by  0.41  °C.  As  FLIP  continued  on  farther  into  the  "new"  warm 
area,  the  imager  was  directed  back  parallel  to  the  port  boom  and 
astonishingly  cool  wakes  appeared  in  the  scanner  images  of  Figure  5.30. 
The  ATuj  was  now  -0.26  °C  while  the  AT  was  -0.70  °C.  This  discrepancy  may 
be  related  to  the  fact  that  AT  was  a  direct  measurement  across  a  depth  of  10 
cm,  while  AT^,  was  a  measure  of  the  average  temperature  across  the  depth 
of  mixing  produced  by  the  cable  disturbance.  Saunders  (1967a)  originally 
had  suggested  that  the  skin  layer  would  remain  cool  no  matter  how  intense 
the  solar  irradiance.  Fedorov  and  Ginsburg  (1992)  concur  that  the  heat  flux 
at  the  interface  will  always  be  negative  because  the  volume  absorption  of  the 
ocean  within  the  first  few  millimeters  is  less  than  10  %.  Evidently,  the 
large-scale  models  appropriate  for  stable  situations  over  longer  periods  of 
time  need  modification  during  the  day,  and  possibly  the  nighttime,  under 
conditions  where  spatial  and  temporal  small-scale  variability  frequently 
exist. 

One  of  the  most  interesting  events  observed  during  the  FLIP 
experiment  involved  the  rapid  transition  from  a  cool  to  warm  skin  layer 
which  occurred  on  the  morning  of  January  28th  (designated  as  Case  6). 

The  wakes  from  the  wires  remained  warm  during  the  mid-moming  as 
shown  in  Figure  5.31a  after  a  long  night  of  ocean  cooling.  Suddenly,  FLIP 
began  to  turn,  aligning  with  the  shifting  wind  direction.  FLIP  then  crossed 
a  surface  temperature  frontal  feature  which  coincided  directly  with  the 
change  in  wind  direction  from  E  to  NNW.  The  wires  appeared  brighter 
suggesting  the  previously  cloudy  sky  now  had  cleared  and  the  sim  was 
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Figure  5.29  Midday  sequence  of  infrared  images  depicting  the  FLIP 

crossing  an  apparent  temperature  front.  The  broad  white 
band  across  the  image  is  a  support  cable  for  the  instrument 
boom.  Environmental  conditions  shown  in  Table  5.4  under 
Case  5. 


See  Plate  in  Appendix. 
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Table  5.4  Environmental  conditions  for  Cases  5  and  6. 


Case 

5  -  Front/Cool  Wakes 

6  -  Transition 

Date 

January  28,  1992 

January  28,  1992 

Time 

11:55— >13:00  PST 

10:15— >11:15  PST 

Wind  Speed 

1.9  ±  0.3  m/s 

0.9  ±  0.3  m/s 

Wind  Direction 

334°  ±12° 

94°  ±  18°  (40  min.) 

334°  ±  13°  (20  min.) 

Drift  Speed 

41  cm/s  ±  4  cm/s 

22  cm/s  ±  2  cm/s 

Drift  Direction 

164°  ±10° 

156°  ±5° 

Compass  Heading 

324°  ±15° 

63°  ±  10°  (40  min.) 

338°  ±  17°  (20  min.) 

Wave  Direction 

-270° 

i 

to 

o 

o 

Air  Temperature 

15.3  °C±  0.1  °C 

Steadily  Increasing 

15.0  °C  to  15.2  °C 

Relative  Humidity 

Steadily  Decreasing 
92.2  %  to  89.2  % 

92.6  %  ±  0.2  % 

T  @  0.1  cm 

15.08  °C±0.16  °C 

T  @  0.5  cm 

T@  1.0  m 

14.98  °C  ±  0.07  °C 

14.85  °C  ±  0.04  °C 

See 

Figure  5.32 

T  @  2.0  m 

14.78  °C±0.01  °C 

T  @  5.0  m 

14.71  °C±  0.01  °C 
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Figure  5.30  Cool  wakes  emanating  from  the  surface-piercing  cables 
during  Case  5  shown  in  Table  5.4.  The  images  are  spaced 
roughly  10  to  20  seconds  apart  just  prior  to  12:05  PST.  The 
broad  white  band  across  the  image  is  a  support  cable  for  the 
instrument  boom.  The  white  lines  in  the  upper  left-hand 
comer  are  the  cables. 


See  Plate  in  Appendix. 
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Figure  5.31a  Warm  wakes  emanating  from  the  surface-piercing 

cables  during  the  late  morning  transition  as  discussed 
in  Case  6  of  Table  5.4.  FLIP  begins  to  turn  as  suggested 
by  the  change  in  direction  of  the  wakes.  Simultaneously, 
the  dark  outline  of  the  front  appears. 


See  Plate  in  Appendix. 
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allowed  to  heat  the  wires  and  ocean.  Initially  the  surface  temperature 
appeared  cooler  corresponding  to  the  change  from  a  cloudy  to  a  clear  sky. 
However,  the  surface  warmed  up  quickly.  A  few  minutes  later,  the  wakes 
emanating  from  the  cables  became  cool  as  shown  in  Figme  5.31b.  Table  5.4 
displays  the  environmental  conditions  related  to  Case  6.  Additionally,  a 
time  series  of  the  temperature  at  constant  depths  in  Figure  5.32  shows  the 
effect  of  solar  heating  as  the  midday  approached.  The  warm  wakes  with 
ATw  of  0.28  °C  become  cool  wakes  with  AT^  of -0.25  °C  in  a  matter  of  15 
minutes.  However,  throughout  this  time  span  the  AT  remained  negative 
for  all  depths  ranging  from  -0.88  °C  to  -0.09  °C  which  was  fovmd  to  be 
inconsistent  with  the  occurrence  of  the  transition.  Why  did  we  measure  the 
transition  in  the  scanner,  but  did  not  find  the  same  behavior  in  the  AT?  As 
we  discussed  above,  the  temperatme  profile  with  depth  during  the  day  was 
strongly  affected  by  the  solar  irradiance  as  evident  from  Figure  5.32.  We 
have  made  measurements  from  the  depths  of  10  cm  or  greater  where  the 
water  was  cooler  than  at  the  sxirface  resulting  in  negative  ATs.  At  night, 
the  temperature  profile  was  basically  uniform  below  the  skin  layer.  Since 
the  solar  insolation  was  volume  absorbed  over  a  significant  depth  and  time, 
however,  the  temperature  profile  from  10  cm  up  to  the  surface  during  the 
day  coupled  with  the  mixing  depth  (and  volume)  importance  may  have 
allowed  for  this  transitional  behavior.  Again,  the  effect  of  a  surfactant 
monolayer  also  may  have  assisted  in  the  transitional  process  and  bias  the 
result  as  slicks  may  inhibit  evaporation  or  possibly  alter  the 
electromagnetic  properties  of  the  surface.  However,  Garrett  and  Smith 
(1984)  found  that  most  environmental  slicks  do  not  inhibit  evaporation. 


5.7  Formulation  and  Calculation  of  the  Net  Heat  Flux  with  Results 

The  discovery  of  the  transition  from  the  cool  skin  to  a  warm  one 
necessitated  discussion  of  the  heat  flxjx  budget.  In  Chapter  2,  we  defined 
the  heat  flux  budget  as 


Qnet  Qir  +  Qg  +  Qs  +  Qh  +  Qe- 


(2.1) 
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Figiire  5.31b  FLIP  continues  to  turn,  crossing  an  apparent 

temperature  front.  The  wires  appear  brighter 
suggesting  the  previously  cloudy  sky  is  now  clear  and 
the  sun  is  allowed  to  heat  the  wires  and  ocean.  Initially 
the  surface  temperature  appears  cooler  corresponding  to 
the  change  from  cloudy  to  clear  sky.  However,  the 
surface  warms  up  quickly.  The  final  two  images  depict 
the  cool  wakes,  thus  completing  the  transition. 


See  Plate  in  Appendix. 


Temperature  (°C) 


Figure  5.32  Blown-up  time  series  of  the  third  plot  in  Figure  5.26d  depicting 
the  effect  of  solar  heating  as  midday  approached  during  Case 
6.  The  time  series  shows  the  bulk  temperature  measurements 
at  constant  depths  along  with  Tgst- 
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More  explicitly,  the  heat  flux  becomes 

Qnet  ~  ~ ^si  ^b^sst  ^si^LW  ~  ^  ^es 

-^CjjpaCpa(Ta-Tsgt)Uio  (5.7) 

+  CEpaLe(Qa-Qs)UlO 

with  each  term  in  (5.7)  corresponding  directly  to  the  term  in  (2.1)  where  Ilw 
is  the  longwave  irradiance  measured  by  the  pyrgeometer  and  Isw  is  the 
shortwave  irradiance  measured  by  the  pyranometer.  For  the  longwave 
exitance,  Qjr,  and  longwave  irradiance,  Qg,  we  needed  to  know  the 
reflective  properties  of  the  ocean  surface  over  a  wide  range  of  the 
electromagnetic  spectrum.  Downing  and  Williams  (1975)  have  shown  that 
the  complex  index  of  refraction  varies  notably  in  the  region  of  2  to  1000  |im. 
Consequently,  the  emissivity  exceeds  99%  at  10  to  12  pm  but  continues  to 
decrease  below  80%  at  much  higher  wavelengths  (>  500  pm).  The  total 
emissivity  of  a  body  at  a  given  temperature  is  given  by  the  integral  over  all 
wavelengths  of  the  product  of  the  emissivity  and  Planck's  law  divided  by  the 
total  blackbody  radiation  according  to  the  Stefan-Boltzmann  law  resulting 
in 


I  £dw(  ^  ^  ’'^sst 

0 _ 

<^bTL 


(5.8) 


The  spectrally  integrated  emissivity,  £si,  is  plotted  as  a  fimction  of 
temperature  in  Figure  5.33  for  the  range  experienced  on  the  ocean  and  used 
in  the  calculation  of  the  infrared  heat  fluxes.  Since  the  exiting  radiation 
from  the  ocean  peaks  in  the  infrared,  Stefan-Boltzmann’s  law  defines  the 
emittance  while  the  measured  downwelling  radiation  from  the 
pyrgeometer,  Ilw,  defines  the  sky  irradiance.  The  sum  of  these  multiplied 
by  the  spectrally  integrated  emissivity  results  in  the  net  longwave  radiation. 


Temperature  (°K) 


Figure  5.33  Spectrally  integrated  emissivity,  Sgi,  plotted  from  Equation  (5.8) 
as  a  function  of  temperature  for  the  typical  range  experienced 
on  the  ocean  and  used  in  the  calculation  of  the  infrared  heat 
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The  net  shortwave  flux,  Qs,  required  a  knowledge  of  the  oceanic 
albedo,  Og.  The  ratio  of  the  upwelling  shortwave  exitance  to  the  shortwave 
irradiance  defines  the  albedo  of  the  sea  sxirface.  Payne  (1972)  directly 
measured  the  albedo  fi-om  a  research  platform  and  related  it  to  the 
transmittance,  Tes,  of  the  atmosphere.  The  transmittance 


(5.9) 


where  Isw  is  the  solar  insolation  measured  from  the  pyranometer  and  Iso  is 
the  solar  radiation  present  at  the  top  of  the  atmosphere  simply  calculated 
from  a  knowledge  of  time  and  location.  The  albedo  was  extracted  from 
Payne's  data  using  the  transmittance  and  the  elevation  angle  of  the  sun  for 
a  given  local  time  of  day.  One  minus  the  albedo  times  the  pyranometer 
measured  insolation  results  in  the  net  solar  flux,  Tgg 

The  sensible  and  latent  heat  fluxes,  Qh  and  Qe,  were  derived  from  a 
model  proposed  by  Liu  et  al.  (1979).  Applying  the  bulk  formulations  for  the 
transfer  constants  according  to  Kondo  (1975),  Smith  (1980),  or  Large  and 
Pond  (1981,  1982),  we  computed  the  turbvilent  fluxes.  These  fluxes  along 
with  the  net  solar  and  longwave  fluxes  displayed  in  Figures  5.34a-d  for  the 
same  previous  four  days  revealed  the  relative  weakness  of  the  latent  and 
sensible  fluxes.  The  downwelling  sky  radiation  dictated  the  structure  of  the 
heat  flux  during  the  nighttime.  Since  Qnet  controlled  the  temperature  at  the 
air-sea  interface,  the  sky  irradiance  also  significantly  affected  Tsst-  For 
example,  return  to  Figure  5.26d.  In  the  early  morning  between  2  and  4  am, 
the  up-looking  KT-19  encountered  radical  changes  in  sky  temperature  from 
cloudy  to  clear  and  back  to  cloudy  skies.  Even  after  the  correction  of  the 
PRT-5,  though,  Tsst  continued  to  follow  the  structure  of  the  sky.  Therefore, 
cloudy  or  clear  skies  actually  affect  the  svuface  temperature  by  altering  the 
heat  budget.  The  sky  not  only  produced  apparent  changes  due  to  deviations 
from  unity  of  the  sea  surface  emissivity,  but  also  increased  or  decreased  Tsst 
directly. 
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Flux  densities  for  January  25,  1992.  The  top  plot  shows 
the  latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot 
shows  the  solar,  Qs,  and  net  longwave,  Qg  +  Qm,  fluxes. 
Finally,  the  bottom  plot  shows  the  total  net  heat  flux, 
Qneu  as  a  fimction  of  depth. 
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Figiu-e  5.34b  Flux  densities  for  January  26,  1992.  The  top  plot  shows 

the  latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot 
shows  the  solar,  Qs,  and  net  longwave,  Qg  +  Qm,  fluxes. 
Finally,  the  bottom  plot  shows  the  total  net  heat  flux, 
Qnet,  as  a  function  of  depth. 
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1  for  January  27,  1992.  The  top  plot  shows 
and  sensible,  Qh,  fluxes.  The  middle  plot 
ar,  Qs,  and  net  longwave,  Qg  +  Qm,  fluxes, 
attorn  plot  shows  the  total  net  heat  flux, 
:tion  of  depth. 
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Figure  5.34d  Flux  densities  for  January  28,  1992.  The  top  plot  shows 

the  latent,  Qe,  and  sensible,  Qh,  fluxes.  The  middle  plot 
shows  the  solar,  Qs,  and  net  longwave,  Qq  +  Qm,  fluxes. 
Finally,  the  bottom  plot  shows  the  total  net  heat  flux, 
Qnet,  as  a  function  of  depth. 
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During  the  da5i;ime  the  solar  insolation  dominated  the  radiation 
balance.  At  the  bottom  of  Figure  5.34,  the  plot  shows  the  total  net  heat  flux. 
However,  as  Hasse  (1971)  and  Fedorov  and  Ginsburg  (1992)  more  recently 
point  out,  the  solar  insolation  is  absorbed  over  the  depth  of  the  surface  layer. 
Fedorov  and  Ginsburg  (1992)  give  updated  measurements  for  the  integral 
absorption  of  different  layers  near  the  surface  used  in  the  following 
analysis.  Including  these  measurements  into  the  net  heat  flux 
parameterization.  Figure  5.34  shows  the  Qnet  across  surface  layers  of 
different  depths  according  to  the  corrected  term  for  solar  radiation.  Notice 
that  the  heat  flux  should  not  become  positive  right  at  the  surface  across  the 
cool  skin  layer  which  is  most  often  a  millimeter  thick.  However,  as  the 
depth  increased  we  find  the  heat  flux  became  positive  very  quickly  during 
the  intense  midday  solar  heating. 


irisons  with  Measurec 


Many  previous  investigators  have  proposed  models  of  AT  from  a 
knowledge  of  the  net  heat  flux.  Saimders'  (1967a)  model  of  (2.14)  is  one  of 
the  major  descriptions  of  the  physics  at  the  air-sea  interface.  Actually, 
considerable  effort  has  been  expended  to  determine  the  constant  Xq  within 
his  model.  Fedorov  and  Ginsburg  (1992)  have  compiled  the  results  fi'om 
field  experimental  data  and  estimate  Xq  as  a  function  of  wind  speed 

Xq  =  2  +  [5l7)Uio  for  Uiq<7  mis  (5  1C 

Xo=7  for  7  <  Ujo  <12  mis 


Therefore,  our  presentation  of  Saunders'  model  is 


^Qnet 

ku^w 


(5.11) 
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using  Fedorov  and  Ginsburg's  (1992)  estimate  for  Aq.  Since  the  wind  speed 
never  exceeded  12  m/s  during  the  time  frame  of  the  experimental  data 
presented  here,  this  parameterization  was  valid.  Saunders  assumed  that 
during  the  day  the  net  heat  fliix  should  account  for  the  solar  radiation 
absorbed  within  the  thermal  boundary  layer  at  the  interface.  Hence,  Qmt 
accounted  for  the  amount  of  solar  insolation  absorbed  within  the  first 
millimeter  of  water. 


Fedorov  and  Ginsbiirg  (1992)  provided  an  alternative  formulation 
including  free  convection.  Following  from  (2.17) 

ATfg  =  (5-12) 

for  A  =  0.25  and  Uio  <  5.5  m/s,  while 

AT  =-6.5-^^  (5.13) 

for  Ujo  >  5.5  m/s.  Likewise,  Fedorov  and  Ginsburg  also  consider  the  solar 
irradiance  absorbed  within  the  molecular  sublayer. 

Both  the  Saunders  (1967a)  model  and  the  Fedorov  and  Ginsburg 
(1992)  scheme  relate  the  theoretical  temperature  difference  across  the  skin 
layer.  Hasse  (1971)  devised  a  model  to  accoimt  for  the  difference  in 
temperature  between  the  measurement  depth  and  the  bottom  of  the  skin 
layer.  Considering  both  the  molecular  and  turbulent  diffusivities,  and 

at,  across  their  respective  depths,  the  temperature  difference  between  the 
surface  and  the  measurement  depth,  AT/id,  is 


(5.14) 


Hasse  realized  the  inverted  wind  speed  dependence  upon  the  viscous 
sublayer  thickness,  which  defines  the  transition  between  the  2  layers.  For 
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the  molecular  layer,  the  AThd  is  strictly  a  function  of  Qnetl^io-  However, 
the  turbulent  thermal  diffusivity  is  both  a  function  of  wind  speed  and  depth 
which  forces  AThd  to  be  a  function  of  (Qnetl^io ^(^lo ))  for  the 
turbulent  layer.  When  integrated  over  various  depths,  the  two-layer  model 
reduces  to 


=  (5.15) 

Ulo  ^10 

where  Cj  and  C2  listed  in  Table  5.5  denote  the  coefficients  which  vary  with 
depth  and  would  be  exact  for  4  m/s  winds.  All  the  fluxes  used  by  Hasse 
(1971)  in  his  calculations  of  these  coefficients  have  units  of  Langleys  per 
minute  (ly/min  =  697.33  W/m^). 

More  recently,  Schluessel  et  aL  (1990)  attempted  to  parameterize  the 
bulk-skin  temperature  difference  directly  using 


^'^sc  -  Jo  Ji^ioi’^sst  ~'^a) 

+  J2{Qs~Qa)'^J3{QlR+QG) 


(5.16) 


during  the  nighttime  and 

ATgc  =fo+fl  {Qs/U 10)  + f 2  (Qs  -Qa) 

+  /’3(Q7i?  +Qg) 

during  the  day  where  ji  and  fi  for  i  =  0  to  3  listed  in  Table  5.6  constitute  the 
optimized  constants.  Here,  no  consideration  of  solar  absorption  over  depth 
is  applied  and  the  total  net  solar  flux  is  used.  Schluessel  et  al.'s  (1990) 
parameterization,  ATgc,  heirdly  ever  correctly  predicted  the  observed  AT 
using  the  data  presented  here.  For  the  present  dataset,  the  sensible  and 
latent  fluxes  were  extremely  low  as  seen  in  Figure  5.34  which  was  due  to 
the  small  air-sea  temperature  difference  and  the  high  relative  humidity 
throughout  the  experiment.  However,  during  Schluessel  et  al.'s 
experiment  near  the  North  African  coast  in  the  Atlantic,  the  latent  flux 
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Table  5.5  Constants  for  Hasse's  model  (from  Hasse,  1971).  *  value 
obtained  from  fitted  data. 


Depth  (m) 

0.1 

0.25 

0.5 

1.0 

2.0 

2.5 

5.0 

10.0 

Cl 

9.3* 

9.4 

9.6 

9.9 

10.2* 

10.3 

10.5 

10.7 

C2 

1.54* 

1.61 

1.75 

1.90 

2.09* 

2.14 

2.32 

2.52 

Table  5.6  Optimized  coefficients  for  Schluessel  et  al.'s  model  (from 
Schluessel  et  al.,  1990). 


Index 

1 

2 

3 

4 

Ji 

-0.285  °K 

0.0115  s/m 

37.255  °K 

-0.00212  °K-m2/W 

fi 

-0.415  °K 

-0.00337  °K-m3AV-s 

48.043  °K 

-0.00355  °K-m2/W 
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often  exceeded  the  negative  net  longwave  flux  unlike  our  data.  This 
difference  in  latent  heat  flux  alone  resulted  in  the  incorrect  prediction  of  the 
actual  AT.  Therefore,  the  parameterization  using  their  suggested 
optimized  coefficients  did  not  predict  our  data  at  all  during  the  night. 
Fiirthermore,  the  optimized  coefficients  found  during  their  study 
referenced  the  2  m  bulk  temperature  only.  Any  thermal  stratification 
existing  at  any  time  would  corrupt  the  comparison.  Notwithstanding, 
sometimes  during  the  day  ATgc  approximated  the  measured  AT's  from 
deeper  depths.  At  two  meters,  the  solar  absorption  is  nearly  50  %.  Using 
the  total  net  solar  flux  compensated  for  the  fact  our  latent  flux  was  much 
lower  than  that  foimd  by  Schluessel  et  al.  (1990).  Hence,  the  relatively  close 
AT  comparison  during  select  parts  of  certain  days  was  most  likely 
coincidental. 

For  the  FLIP  data,  the  longwave  flux  dominated  the  Qnet  and 
therefore  AT.  All  of  the  present  models,  excluding  Schluessel  et  al.'s  (1990) 
parameterization,  are  displayed  in  Figures  5.35a-d  corresponding  to  the 
same  days  previously  discussed  along  with  the  measured  AT.  For  each 
day,  the  plots  show  the  comparison  of  the  models  (only  10  cm  depth 
presented  for  Hasse's  model)  with  the  calculated  AT  using  the  temperature 
acquired  from  the  10  cm  measurement  depth.  Accompanying  each  of  these 
graphs  is  the  wind  speed  and  the  net  heat  flux  across  a  layer  1  mm,  10  cm, 
and  1  m  thick.  The  graphs  appear  very  disorganized  at  first  glance,  but 
many  overall  trends  existed  for  the  data.  These  three  models  generally 
followed  the  trends  of  the  measured  AT  very  well,  especially  at  night  when 
the  temperature  profile  in  the  top  1  to  2  meters  was  relatively  uniform. 

Also,  the  models  performed  much  better  at  higher  wind  speeds  (e.g.,  the 
night  of  January  28th)  as  opposed  to  the  low  wind  speed  cases  scattered 
throughout  the  experiment.  The  Saunders  (1967a)  and  Hasse  (1971)  models 
diverged  sharply  from  the  measured  values  when  wind  speeds  drop  below  1 
or  2  m/s.  The  Fedorov  and  Ginsburg  (1992)  model,  however,  did  not  as  it 
accoimted  for  free  convection  which  could  have  occurred  at  low  wind 
speeds.  Even  so,  their  model  assumed  that  free  convection  drove  the  heat 
flux  up  to  higher  wind  speeds  (<  5.5  m/s).  Many  times  the  Fedorov  and 
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Figure  5.35a  Comparison  of  the  AT  models  for  January  25,  1992.  The 

Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders'  model, 
ATg,  Fedorov  and  Ginsburg’s  model,  ATfg,  and  Hasses's 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 


See  Plate  in  Appendix. 
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Figxire  5.35b 


Comparison  of  the  AT  models  for  January  26,  1992.  The 
Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders’  model, 
ATs,  Fedorov  and  Ginsburg’s  model,  ATfg,  and  Hasses  s 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 


See  Plate  in  Appendix. 
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Figure  5.35c  Comparison  of  the  AT  models  for  January  27,  1992.  The 

Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders’  model, 
ATs,  Fedorov  and  Ginsburg's  model,  ATfg,  and  Hasses’s 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 


See  Plate  in  Appendix. 
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Figure  5.35d  Comparison  of  the  AT  models  for  January  28,  1992.  The 
Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saimders'  model, 
ATs,  Fedorov  and  Ginsbmrg's  model,  ATfg,  and  Hasses  s 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 


See  Plate  in  Appendix. 
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Ginsb\arg  model  overpredicted  the  measured  AT  in  the  2  to  5.5  m/s  range 
where  forced  convection  may  have  begun  to  dominate. 

A  comparison  between  January  26th  and  27th  provides  an  interesting 
observation  of  the  possible  difference  between  the  effects  of  forced  and  free 
convection  along  with  a  look  at  the  dependence  of  measurement  depth.  On 
January  26th,  the  wind  speed  remained  moderate  throughout  the  morning 
and  midday,  mixing  the  surface  layer  down  to  5  m.  This  resulted  in  a 
positive  AT  throughout  the  day  even  under  the  midday  insolation.  However, 
on  January  27th  the  wind  speed  declined  sharply,  coincident  with  the 
initiation  of  intense  insolation,  resulting  in  decreased  mixing  within  the 
surface  layer.  This  allowed  for  stratification  within  the  top  10  cm  and  the 
measurement  of  a  negative  AT  using  a  10  cm  bulk  measurement.  The  time 
scales  for  the  mixing  of  solar  absorption  with  depth  may  depend  directly 
upon  the  wind  speed. 

Saimders'  (1967a)  and  the  Fedorov  and  Ginsburg  model  predicted  the 
AT  only  across  the  top  millimeter  while  the  closest  measured  value  was  for 
the  top  10  centimeters.  During  the  day  when  solar  heating  was  prevalent, 
the  Qnet  remained  negative  or  became  positive  depending  upon  the  depth  at 
which  one  performed  the  analysis.  Therefore,  the  AT  models  of  Saunders 
and  Fedorov  and  Ginsburg  usually  remained  positive  while  the  measured 
values  crossed  over  to  the  negative  side  as  the  net  heat  flux  became  positive. 
Hasse's  (1971)  model  attempted  to  compensate  for  the  depth  of 
measurement  as  shown  in  Figure  5.35  where  it  most  closely  predicted  the 
AT  during  the  day  when  solar  radiation  intensified.  Figures  5.36a-d  show 
the  difference  between  Hasse's  models  and  the  corresponding  AT  as  depth 
increased.  Accordingly,  AThd  decreased  during  the  day  following  the  zero¬ 
crossing  of  the  actual  measurement  of  AT.  As  Hasse's  model  tried  to 
compensate  for  the  depth  of  measurement,  AT  -  AThd  decreased  with 
increasing  depth.  This  suggested  that  Hasse's  model  was  less  effective  as 
depth  increased.  Even  though  the  Hasse  model  frequently  underestimated 
the  decrease  of  AT,  the  concept  of  dependence  upon  measurement  depth 
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Comparison  of  the  difference,  AT  -  AThd,  between  the 
measured  bulk-skin  temperatxire  difference  and  Hasse' 
model  prediction  of  the  same  as  a  function  of 
measurement  depth.  Comparison  performed  for  data 
from  January  26,  1992. 


Comparison  of  the  difference,  AT  -  AThd,  between  the 
measured  bulk-skin  temperature  difference  and  Hasse's 
model  prediction  of  the  same  as  a  function  of 
measurement  depth.  Comparison  performed  for  data 
from  January  27,  1992. 


Figure  5.36c 


AT  -  AT,^  (°C)  AT  -  ^T^  (°C)  AT  -  AT;,^  (°C)  AT  -  AT^^  (°C) 


Figure  5.36d  Comparison  of  the  difference,  AT  -  AThd,  between  the 

measured  bulk-skin  temperature  difference  and  Hasse's 
model  prediction  of  the  same  as  a  function  of 
measurement  depth.  Comparison  performed  for  data 
from  January  28,  1992. 
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merits  further  research  based  upon  these  results  and  those  of  the  scanner 
images  which  showed  the  importance  of  mixing  depth  (e.g.,  Cases  5  and  6). 


CHAPTER6 


Summaiy  and  Conclusions 


Measurements  of  skin  temperature  made  aboard  the  R/P  FLIP  have 
been  presented  and  show  that  infrared  imagery  is  a  usefrd  tool  to  visualize 
and  quantify  tinbulent  disruptions  of  an  air-water  interface.  Infrared 
imagery  provides  a  non-intrusive  2-D  measurement  of  temperature  from 
the  depths  of  10  |im.  Complementary  point  measurements  were  made  with 
a  narrow  field-of-view  radiometer,  which  when  corrected  for  sky  reflection 
and  calibrated  in-field  was  accurate  to  within  0.1  °C.  With  the  cool  skin 
layer  as  a  background,  a  disturbance  would  mix  the  warmer  water  from 
below  up  to  the  surface.  The  infrared  imager  was  be  able  to  detect  these 
disturbances.  Under  low  wind  speed  conditions,  the  spatial  size  of  the  skin 
layer  destruction  was  much  larger  than  expected.  An  artificial 
disturbance  of  the  skin  layer  by  a  cable  1  cm  in  diameter  produced  turbulent 
patches  on  the  order  of  1  meter  in  diameter  which  were  observed  to  persist 
for  up  to  80  s  before  drifting  out  of  the  field-of-view  of  the  imager.  However, 
none  of  the  disruptions  vmder  the  low  wind  speed  conditions  recovered 
before  drifting  out  of  the  field-of-view. 

The  size  and  shape  of  the  disturbances  produced  by  the  cables  were 
strongly  dependent  upon  the  characteristics  of  the  flow  (i.e.,  wave-current 
alignment).  Therefore,  a  wave  Reynolds  number,  Re^,  defined  the  strength 
of  the  each  disturbance.  The  turbulent  patches  behaved  differently  both 
spatially  and  temporally  for  increasing  Rbuj.  As  Rew  increased,  the  patches 
increased  in  maximum  size,  persisted  longer,  and  reached  their  peak  size 
later.  Not  only  did  the  patch  width,  6,  experience  a  growth  and  decay,  but 
the  more  relevant  parameter,  AT^;,  did  also.  The  disruption  of  the  skin 
layer  is  a  measure  of  the  bulk-skin  temperature  difference,  AT.  Therefore, 
ATjju  approximated  the  directly  measured  AT  within  the  instruments'  (e.g., 
infrared  scanner,  radiometers)  capabilities.  The  slope  of  the  decay  of  ATuj 
defined  the  skin  layer  recovery  rate.  Under  low  wind  speed  conditions,  the 
skin  layer  recovered  more  rapidly  for  increasing  (The  skin  layer 
recovery  rate  increased  according  to  the  convention  in  Figure  5.21,  but  the 
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magnitude  decreased.)  Therefore,  the  recovery  relates  directly  to  the 
strength  of  disturbance. 

However,  the  strength  of  skin  layer  disturbance  had  a  diminishing 
effect  with  increasing  wind  speed.  Turbulence  on  the  water  side  of  the  air- 
sea  interface  and  the  net  heat  flux  define  the  thickness  of  the  skin  layer. 
Under  low  wind  speed  conditions,  low  turbulence  exists  in  the  surface  layer 
resulting  in  a  thick  conduction  layer.  Conversely,  at  high  wind  speeds  a 
large  amount  of  ttirbulence  exists  and  the  skin  layer  thins  out.  For  the 
same  input  of  an  artificial  disturbance,  the  skin  layer  behaved  differently. 

In  the  low  wind  speed  case,  the  disruption  of  the  skin  layer  was 
extrapolated  to  last  up  to  120  s,  while  for  the  high  wind  speed  case,  the 
disruption  lasted  less  than  2  s.  The  rates  of  recovery  were  responsible  for 
the  difference. 

As  the  temperature  within  the  patch  decreased  even  as  the  wake 
continued  to  grow,  the  threshold  for  skin  layer  recovery  at  low  wind  speeds 
occurred  earlier  than  that  for  wake  dimension  decay.  We  have  shown  that 
the  skin  layer  began  to  recover  very  soon  after  the  distiirbance  had  passed. 
On  the  other  hand,  the  wake  width  continued  to  grow  signifying  that  the 
level  of  turbulence  was  still  enough  to  rupture  the  skin  layer  but  not  totally 
destroy  it  as  the  skin  layer  recovery  counteracted  the  turbulence.  The 
thickness  of  the  molecular  sublayer  relates  directly  to  the  turbulent 
intensity  in  the  water.  At  each  equilibrium  state,  the  turbulence  level  at  the 
interface  diminished  allowing  the  skin  layer  to  become  thicker  and  AT  to 
increase  toward  its  initial  value.  The  skin  layer  itself  continually  overcame 
successive  turbulent  "thresholds"  as  it  recovered.  At  higher  wind  speeds, 
the  total  recovery  occurred  2  orders  of  magnitude  more  quickly,  dominated 
by  the  increased  heat  flux  and  thinner  conduction  layer. 

This  thesis  has  shown  that  the  skin  layer  recovery  (rate)  is  a  function 
of  the  strength  of  disturbance  and  also  of  the  initial  condition  of  the  sea. 

(The  sea  condition  depends  upon  the  wind  speed,  friction  velocity, 
background  turbulence  in  the  water,  wave  condition,  etc.)  We  have  found  at 
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moderate  wind  speeds  that  the  skin  layer  existed  and  recovered  within  2  s 
from  both  artificial  (wire  wakes)  and  natural  (wave  breaking)  disturbances. 
Other  investigators  have  reported  that  the  skin  layer  recovers  within  10  s 
following  the  disruption  of  a  breaking  wave  and  suggested  that  above  wind 
speeds  of  10  m/s,  the  skin  layer  is  never  re-established  (Ewing  and 
McAlister,  1960;  Clauss  et  al.,  1970;  Grassl,  1976). 

Intriguing  daytime  signatures  of  cool  wakes  and  a  transition  from 
warm  to  cool  wakes  illustrated  the  importance  of  small-scale  spatial 
variability  under  low  wind  speed  conditions  and  the  non-imiform 
temperature  profiles  existing  dming  the  day.  At  times  of  intense  solar 
heating  and  low  wind  speed,  the  measurements  show  that  the  skin  layer 
can  appear  warmer  than  the  water  below,  using  both  the  imager  and  the 
narrow  field-of-view  radiometer.  Furthermore,  observations  of  a  disturbed 
skin  layer  in  the  images  did  not  agree  in  magnitude,  or  in  some  cases  sign, 
with  the  direct  measurements  during  the  day  of  the  biolk-skin  temperature 
difference,  AT,  which  consistently  showed  the  skin  layer  warmer  than  the 
water  below.  Solar  absorption  with  depth  and  the  turbulent  transport  of 
heat  within  the  mixed  layer  presents  a  difficult  problem  when  determining 
the  AT  of  the  ocean  skin  layer.  Saunders  (1967a)  and  Fedorov  and  Ginsburg 
(1992)  both  state  that  the  skin  layer  should  remain  cool  throughout  the  day 
even  under  intense  solar  radiation.  While  these  observations  appeared  to 
contradict  the  beliefs  of  Saunders  (1967a)  and  Fedorov  and  Ginsburg  (1992), 
the  skin  layer  may  in  fact  have  remained  cool.  One  reason  is  that  the 
measured  AT  was  the  temperature  difference  across  at  least  the  top  10  cm 
while  Saunders'  and  Fedorov  and  Ginsburg’s  model  predict  for  only  the 
molecular  layer,  which  is  typically  on  the  order  of  a  millimeter  thick. 
Fimthermore,  the  depth  (and  volume)  of  mixing  produced  by  the  cable 
disturbance  coupled  with  the  non-uniform  temperature  profile  existing 
during  the  day  may  also  accoxmt  for  this  peculiar  behavior. 

The  observations  of  cool  wakes  led  to  the  comparison  of  AT  models  by 
Saunders  (1967a),  Fedorov  and  Ginsburg  (1992),  and  Hasse  (1971)  with  the 
actual  measured  bulk-skin  temperature  difference.  The  comparison 
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emphasized  the  inadequacy  associated  with  the  large-scale  models 
appropriate  for  stable  situations  over  longer  periods  of  time.  For  the 
present  dataset,  longwave  radiation  dominated  the  regulation  of  the  net 
heat  flux  at  night  while  the  solar  insolation  dominated  during  the  da5d;ime. 
We  have  seen  that  the  sea  surface  temperature  (IR  SST)  was  strongly 
dependent  upon  the  net  heat  flux  during  the  nighttime,  as  the  models 
imply.  All  of  the  AT  models  performed  well  at  high  wind  speeds  and  at 
night.  At  low  wind  speeds  (<  2  m/s),  however,  the  Saunders  and  Hasse 
models  diverged  drastically  from  the  actual  AT.  Fedorov  and  Ginsburg's 
model  did  not  since  it  attempted  to  account  for  free  convection. 

Nonetheless,  their  model  often  overpredicted  the  actual  AT,  assiiming  free 
convection  occurred  at  higher  wind  speeds.  Dining  the  day  when  solar 
absorption  was  important,  Saunders'  (1967a)  and  Fedorov  and  Ginsburgs 
(1992)  models  remained  positive  while  the  measured  AT  often  became 
negative.  Again,  whereas  their  models  predicted  only  the  AT  across  the 
skin  layer  itself,  the  measured  AT  depicted  the  bulk-skin  temperature 
difference  to  at  least  10  cm.  Basse’s  model  was  the  only  one  which 
attempted  to  compensate  for  the  depth  of  measurement  and  allowed  a  direct 
comparison  to  the  measured  AT. 

The  AT  models  did  not  adequately  predict  the  phenomenon  of  the 
daytime  heat  flux  and  skin  layer  development.  Comparisons  of  the  scanner 
observations  of  small-scale  spatial  variability  with  the  measured  AT  from 
different  depths  leave  many  unanswered  questions  as  to  how  the  solar  flux 
behaves  near  the  surface  (e.g.,  time  and  length  scales  for  mixing)  and 
affects  the  skin  layer.  The  depth  (and  volume)  of  mixing  is  very  important 
as  shown  by  Cases  5  and  6  portrayed  in  Section  5.5,  while  more  information 
about  the  temperature  profile  within  the  top  10  cm  during  the  day  is 
necessary.  Compounding  the  problem  is  the  fact  that  skin  layer  recovery 
time  will  bias  the  temperature  estimate  from  the  scanner  images  when 
determining  the  mixing  depth  once  a  more  defined  temperature  profile  is 
known.  Notwithstanding,  improved  models  similar  in  theory  to  Basse's 
(1971)  can  be  investigated  and  implemented  for  predictions  of  the  skin  layer 
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behavior  and  near-surface  (<  5  m)  temperature  profiles,  and  compared  with 
the  small-scale  spatial  and  temporal  variability  frequently  observed. 

In  conclusion,  this  investigation  has  shown  the  feasibility  of  using  an 
infrared  scanner  for  detecting  and  quantifying  disturbances  at  the  air- 
water  interface.  As  far  as  we  know,  these  are  the  first  published 
measurements  of  the  skin  layer  recovery  rates'  dependence  upon  wind 
speed  and  strength  of  disturbance.  The  relation  of  skin  layer  recovery  to 
gas  exchange  and  to  the  air-sea  fluxes  merits  additional  research.  Further 
work  relating  the  skin  layer  recovery  to  surface  renewal  models  and 
determining  the  feasibility  of  remotely  measioring  turbulence  using 
infrared  imagery  is  suggested.  The  model  comparison  established  the  need 
for  modification  of  the  models  during  the  day,  and  possibly  the  nighttime, 
imder  conditions  where  spatial  and  temporal  small-scale  variability  of  the 
skin  layer  characteristics  frequently  exist.  Furthermore,  the  observation  of 
small-scale  variability  requires  more  detailed  modeling  of  AT  and  the 
temperature  profile  in  the  near-surface  layer,  coupled  with  an 
understanding  of  its  relevance  to  satellite  remote  sensing.  Future 
laboratory  studies  of  breaking  wave  and  towed  cylinder  disrupters  will 
provide  the  means  to  study  the  variation  of  skin  layer  recovery  for  a  full 
range  of  wind  speeds,  heat  fluxes,  and  turbulent  intensities.  Also,  the 
spatial  and  temporal  scales  of  depth  (volume)  of  mixing  and  its  relation  to 
the  stability  of  the  skin  layer  and  temperature  profile  warrant  investigation. 
Possible  field  applications  include  the  use  of  a  siirface-piercing  cable  to 
produce  a  continuous  time  series  of  instantaneous  AT.  The  relation  of  these 
observations  to  the  effects  of  Qnet  and  needs  to  be  further  explored. 

Finally,  models  of  AT  encompassing  the  complex  mechanisms  of  formation 
and  existence,  along  with  models  of  remotely  sensed  free-surface 
turbulence,  should  be  pursued. 
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Wavefollowing  Thermistor  Chain 


Photographs  showing  instrument  deployment  aboard 
FLIP.  In  the  bottom  photograph  (b),  note  the  surface¬ 
piercing  cables  at  the  end  of  the  boom  and  the  thermistor 
chain  buoy  in  the  lower  right  corner. 
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Figure  5.5a-b 


a)  Photograph  of  the  boom  reflection  on  the  sea  surface. 

b)  Corresponding  image  of  infrared  reflection  of  the 
boom  while  looking  down  at  the  sea  surface  and  oriented 
parallel  to  the  boom. 


Figure  5.7a-b 
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Figure  5.8  Infrared  image  of  the  serpentine  nature  of  the  wakes 

emanating  from  the  instrument  cables  when  the  waves  and 
current  are  not  aligned.  The  wakes  are  located  in  the  upper 
left  corner.  A  guy  wire  runs  diagonal  through  the  image. 
Hints  of  boom  reflection  appear  below  the  wakes. 
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Figure  5.10  Time  series  of  infrared  images  depicting  the  ordered  wakes 
emanating  from  the  surface-piercing  cables  under  low  wind 
conditions  when  the  swell  waves  propagate  in  the  direction  of 
the  current.  The  long  slender  wakes  develop  by  the 
superposition  of  the  crest  of  the  swell  and  the  current 
velocities.  The  patches  form  when  the  velocity  in  the  trough 
coimteracts  the  current.  The  cable  diameter  is  1  cm  while  the 
patches  are  on  the  order  of  1  m. 
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Figure  5.12  Time  series  of  infrared  images  depicting  the  serpentine  wakes 
emanating  from  the  cables  when  the  waves  and  current  are 
not  aligned. 
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Figure  5.13  Time  series  of  infrared  images  following  one  particular 
turbulent  patch.  The  image  size  is  roughly  1.5  m  x  1.5  m. 
When  the  temperature  within  the  patch  reaches  a  maximum, 
the  patch  continues  to  grow  in  size.  Upon  maximiom  spatial 
growth,  the  wake  recovers  substantially  as  it  propagates  off  the 
image  after  roughly  41  seconds. 
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Figure  5.23  Snapshots  of  wispy  wakes  emanating  from  the  surface¬ 
piercing  cables.  The  dark  vertical  bands  in  the  upper  left 
comer  are  the  cables  while  the  faint  white  signatures  at  the 
bottom  of  the  cables  signify  the  wispy  wakes.  The  wispy  wakes 
last  for  less  than  a  second. 
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Figure  5.24  Puffy  patchiness  signifying  the  possibility  of  free  convection 
under  very  low  wind  speed  conditions  (~  0.7  m/s).  Note  the 
wire  wakes  continue  to  emanate  from  the  cables. 
Environmental  conditions  shown  in  Table  5.3  imder  Case  4. 
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Figure  5.26a  Time  series  for  January  25,  1992  of  the  corrected  and 
calibrated  IR  SST,  Tsst,  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky 
temperature,  Tsky  Time  series  of  thermistor 
measurements  at  depth  and  AT's  are  included. 


A!/'  (‘'O  Temperature  (°C)  Temperature  (°C)  Temperature  (°C) 


174 


00:00  06:00  12:00  18:00  00:00 
1/26/92  1/27/92 


PST 


Figme  5.26b  Time  series  for  January  26,  1992  of  the  corrected  and 
calibrated  IR  SST,  Tgst,  along  with  the  raw  PRT-5 
measurement,  Tm,  and  the  radiometric  sky 
temperature,  Tsky  ■  Time  series  of  thermistor 
measurements  at  depth  and  ATs  are  included.  Large 
gap  in  the  data  of  6  hours  corresponds  to  the  time  spent 
performing  calibration  runs  and  general  maintenance. 
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Figme  5.26c  Time  series  for  January  27,  1992  of  the  corrected  and 
calibrated  IR  SST,  Tsst,  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky 
temperature,  Tgky  ■  Time  series  of  thermistor 
measurements  at  depth  and  AT's  are  included. 
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Figure  5.26d  Time  series  for  January  28,  1992  of  the  corrected  and 
calibrated  IR  SST,  Tgst,  along  with  the  raw  PRT-5 
measurement,  Tjr,  and  the  radiometric  sky 
temperature,  Tgky  ■  Time  series  of  thermistor 
measurements  at  depth  and  AT's  are  included. 
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Figure  5.27  Nighttime  sequence  of  the  infrared  signature  of  a  breaking 
wave.  The  images  show  the  apparent  temperature  change 
associated  with  the  actively  breaking  crest  and  the  tm'bulent 
wake.  Environmental  conditions  shown  in  Table  5.3  under 
Case  3. 
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Figure  5.28  Nighttime  sequence  of  infrared  images  depicting  the  FLIP 

crossing  an  appai'ent  temperature  front.  The  broad  dark  band 
across  the  image  is  a  support  cable  for  the  instrument  boom. 
The  dark  outline  of  the  front  possibly  might  be  the  aggregation 
of  surfactant  material  and  foam  causing  a  change  in  the 
electromagnetic  properties  of  the  viewing  area. 

Environmental  conditions  shown  in  Table  5.3  under  Case  4. 
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Figure  5.29  Midday  sequence  of  infrared  images  depicting  the  FLIP 

crossing  an  apparent  temperature  front.  The  broad  white 
band  across  the  image  is  a  support  cable  for  the  instrument 
boom.  Environmental  conditions  shown  in  Table  5.4  under 
Case  5. 


1  I  I  I  I  I  I  I  I  i  I 

15.7  15.9  16.1  16.3  16.5 

Temperature  (°C) 

Figure  5.30  Cool  wakes  emanating  from  the  surface-piercing  cables 

during  Case  5  shown  in  Table  5.4.  The  images  are  spaced 
roughly  10  to  20  seconds  apart  just  prior  to  12:05  PST.  The 
broad  white  band  across  the  image  is  a  support  cable  for  the 
instrument  boom.  The  white  lines  in  the  upper  left-hand 
corner  are  the  cables. 
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Figure  5.31a  Warm  wakes  emanating  from  the  surface-piercing 

cables  during  the  late  morning  transition  as  discussed 
in  Case  6  of  Table  5.4.  FLIP  begins  to  turn  as  suggested 
by  the  change  in  direction  of  the  wakes.  Simultaneously, 
the  dark  outline  of  the  front  appears. 


188 


028:10:48:30  028:10:49:30 


15.1  15.3  15.5  15.7  15.9  16.1 

Temperature  (°C) 


Figure  5.31b  FLIP  continues  to  turn,  crossing  an  apparent 

temperature  front.  The  wires  appear  brighter 
suggesting  the  previously  cloudy  sky  is  now  clear  and 
the  sun  is  allowed  to  heat  the  wires  and  ocean.  Initially 
the  surface  temperature  appears  cooler  corresponding  to 
the  change  from  cloudy  to  clear  sky.  However,  the 
surface  warms  up  quickly.  The  final  two  images  depict 
the  cool  wakes,  thus  completing  the  transition. 
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Figure  5.35a  Comparison  of  the  AT  models  for  January  25,  1992.  The 
Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders'  model, 
ATs,  Fedorov  and  Ginsburg's  model,  ATfg,  and  Hasses's 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 
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Figure  5.35b  Comparison  of  the  AT  models  for  January  26,  1992.  The 
Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders'  model, 
ATs,  Fedorov  and  Ginsburg’s  model,  ATfg,  and  Masses's 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 
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Figm'e  5.35c  Comparison  of  the  AT  models  for  January  27,  1992.  The 
Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders'  model, 
ATs,  Fedorov  and  Ginsburg's  model,  ATfg,  and  Hasses's 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 
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Figure  5.35d  Comparison  of  the  AT  models  for  January  28,  1992.  The 
Qnet  is  plotted  on  the  top  of  the  graph  with  the  wind  speed 
in  the  middle.  The  bottom  plot  shows  Saunders'  model, 
ATg,  Fedorov  and  Ginsburg's  model,  ATfg,  and  Hasses's 
model  at  10  cm,  AThd,  all  compared  to  the  measured  AT 
across  the  top  10  cm. 
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